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ABSTRACT 

An experimental and numerical study is performed to 

investigate heat transfer and pressure loss characteristics for 

an obliquely impingement. Experimental heat transfer is 

measured by the thermosensitive liquid crystal. The CFD 

model uses a steady state RANS approach and the shear 

stress transport (SST). The effect of Reynolds number 

(15000-100000), inclination (30,45,60) and the number of 

the impingement plenums on the obliquely impingement is 

investigated in the present study. Local Nusselt number as 

well as area and line average values are gotten 

experimentally and numerically. Besides, numerical 

simulations provide the detailed flow characteristics of the 

problem and complement experimental measurements. The 

results show that the heat transfer increase with Reynolds 

number increasing. But the distribution of local heat transfer 

is the same qualitatively with different Reynolds number, 

when it is sensitive to inclination angle. The number of the 

impingement plenums has little effect on the heat transfer. 

INTRODUCTION 

In order to get higher efficiency of aircraft engines, 

higher gas turbine temperature is needed. Turbine inlet 

temperature ranges from about 1800K to 2100K for aircraft 

propulsion or power generation. And the maximum material 

temperature ranges from 1300K to 1600K. The increasing 

inlet temperature has already exceeded the maximum 

material temperature. In order to prolong the turbomachinery 

component’s lifetime and ensure safe operation, the effective 

cooling technique is necessary. Impingement cooling is 

widely used as an impactful cooling method, as it is 

relatively simple to apply. Besides, impingement cooling is 

also an effective method to improve the local heat transfer. 

Jet impingement can get a great heat transfer enhancement 

near the stagnation.  

There are many studies on impingement cooling having 

been carried out continuously, including experimental and 

numerical methodology. Goldstein et al.[1] established a 

correlation equation for the average heat transfer coefficient 

of a single hole impinging jet in 1986. Then Downs and 

James summed up the circular hole and slot jet correlations 

in 1987. Huang et al.[2] studied the heat transfer 

characteristics of an inclined jet in 1996 using transient 

liquid crystal technology. The results show that the heat 

transfer coefficient of the inclined jet is lower than that of the 

straight impingement on the target due to the influence of the 

crossflow. 

Matt Goodro et al. [3] studied the influence of 

temperature on impingement cooling, and put forward the 

relevant correlation formula. Simon Schurren et al.[4] 

studied the heat transfer characteristics of inclined 

impingement cooling using different shapes of the hole. By 

numerical method combined with the experiment, the heat 

transfer characteristics of circular holes and cone holes were 

compared. Sebastian Schulz et al.[5] studied the influence of 

the thermal mixing in the inclined impingement hole by 

using transient liquid crystal technology. The flow field 

measurement has been carried out by PIV. It is found that the 

distribution of efficiency is independent of Reynolds number. 

Florian Hoefler et al. [6] studied the difference between 

smooth target and rib target surface on oblique impingement, 

and researched the influence of fins with different heights on 

heat transfer. Combining experiment and numerical 

calculation, it was found that the average heat transfer 

coefficient of surface with ribs was lower than that without 

ribs, However, the total heat flux of the rib surface was 

higher because the ribs increase the heat transfer area. 
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Junsik Lee et al. Studied the influence of Reynolds 

number and the distance from the inlet of jet to the target on 

the impingement cooling [7]. It was found that the heat 

transfer is enhanced with the increase of Re, but the heat 

transfer coefficient is not monotonically increasing or 

decreasing with the distance from the target surface. They 

studied four sets of different target distances (Z/D=1.5, 3, 5, 

8), and found that the heat transfer effect was best at Z/D=3. 

Based on the ribbed channel, Yang force [8] compared and 

analysed different cooling structures. It is found that the 

concentration of cold air in series can increase the heat 

transfer coefficient of impingement. Although the heat 

transfer coefficient of inclined impingement is lower than 

that of vertical impingement, it is easier to arrange in some 

narrow areas and helps to realize new structure when using 

oblique impingement. Based on these conclusions, Yang Li 

proposed a new impingement cooling structure.  

This study continues the previous work[8] by studying 

the flow and heat transfer characterises for the new 

impingement cooling structure proposed by Yang. In the 

present study, the experimental and numerical methods are 

performed to investigate heat transfer and pressure loss 

characteristics for an obliquely impingement. Experimental 

heat transfer is measured by the thermosensitive liquid 

crystal. The CFD model uses a steady state RANS approach 

and the shear stress transport (SST). The effect of Reynolds 

number (15000-100000), inclination (30,45,60) and the 

number of the impingement plenums on the obliquely 

impingement is investigated in the present study.  

EXPERIMENTAL SETUP 

EXPERIMENTAL FACILITY 

Figure 1 presents a schematic of the experimental setup. 

The experimental setup consists of an image processing 

system (RGB Colour CCD Camera, Colour Frame Grabber 

Card, PC and Imaging Software), temperature measurement 

system, flow loop and the test section. The RGB camera is 

focused on the test section and the colour FG card is 

programmed through the software to analyse images for 

colour signals during the test. 

 

Fig.1 Experimental setup 

The air from the 12kw blower passes through a valve 

and a flowmeter. Then the air enters the test section. The 

three –way valve adjust the incoming flow rate and the mass 

flow meter measures the mass flow rate. 

 

TEST SECTION 

The three-dimensional diagram of the experimental 

section is shown in Figure 2, and two-dimensional diagram 

are shown in figure 3. After the gas enters the experimental 

section from the pipeline, it passes through a steady flow 

section and then enters the impingement chamber. In order to 

measure the heat transfer of the target by thermosensitive 

liquid crystal, the test section needs good transmittance and 

low thermal conductivity. So the experimental section is 

made of organic glass with good transmittance in the present 

study. The thickness of the impingement plate is 2cm, and 

the impingement chamber is 10 * 10 * 10cm inside. The 

diameter of the hole is 2cm. The jet then impinges onto the 

target surface which is located in 5D distance from the 

impingement plate. The impingement plate can be 

disassembled in order to achieve a change in the number of 

cavities. The target surface is designed to be removable due 

to the need for spray painting operations on the target 

surface. The target face and the main body are connected by 

bolts. To ensure air tightness, use gaskets and glass glue to 

seal the air in places where it may leak. 

Fig.2 The three dimensional graph of test section 

Fig.3 The two dimensional graph of test section 

 

The target plate is sprayed with thermosensitive liquid 

crystal (R35C20W) for heat transfer measurement and flat 

back paint to provide a background with high contrast. The 

target plate is evaluated by CCD camera mounted outside of 

the impingement plenum. A light source provides repeatable 

lighting condition. The jet temperature is measured by K-

type thermocouples placed before the nozzle.  

 

MEASUREMENT THCHNIQUE 

 The experimental flow is measured by a heat mass 

flow meter. The measuring range of the flowmeter is 

300m³/h, and the response time is 3s. In order to calculate the 

pressure loss coefficient, the pressure should be measured. In 

the experimental section, the hole about 0.5mm is drilled 
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near the wall and the pressure is measured with a rubber 

tube. The pressure gauge is used to measure the pressure. 

The full range of pressure gauges is 20kpa. 

The heat transfer coefficient of the target plate is 

measured by using the steady state liquid crystal technology. 

The influence of liquid crystal on the flow field and 

temperature field is very small. It can provide satisfactory 

accuracy and resolution, and the colour change is reversible, 

which is good for repeated use. The expression of the heat 

transfer coefficient is shown in equation (1), where Q 

represents the heat flux per unit area. Tw represents wall 

temperature and Tj indicates the jet temperature.  

 

h
W j

q

T T



     (1) 

In the present study, thermocouple is used to measure 

the jet temperature, and the voltage and resistance are read 

out with a mustimeter. Then the heat flux Q is calculated. 

The heat transfer coefficient and the Nusselt number of the 

target surface can be calculated by using the wall 

temperature measured by the steady state liquid crystal. 

The steady state liquid crystal used in this study is 

SPN100R35C20W type liquid crystal produced by American 

Hallcrest company. The initial colour temperature is 35℃, 

and the bandwidth is 20 ℃. The principle for temperature 

measurement is that the reflected light varies with the 

temperature rise, so that the colour of surface spraying liquid 

crystal displays a change of colourless - red - blue - 

colourless. By calibrating the relationship between the colour 

of the liquid crystal surface and temperature, liquid crystals 

can be used to measure temperature. Hue-temperature 

relationship is commonly used to measure temperature, and 

the relation curve of hue-temperature is obtained by 

calibration process 

 

MEASUREMENT UNCERTAINTIES 

The uncertainty of the measured heat transfer coefficient 

is defined by the uncertainty of the individual components 

that are involved in the measuring. The error analysis of this 

study is based on the description by Kline and 

McClintock[9]. 

The measurement error of the heat flux is 3.5%, and the 

error caused by heat conduction, radiation and other losses is 

2%. As a result, the uncertainty of the heat flux is 5.5%. The 

error of thermocouple temperature measurement is 0.02K, 

and the error of steady state liquid crystal temperature 

measurement is about 1K. The error of heat transfer 

coefficient is about 12% 

NUMERICAL SETUP 

FLOW SLOWER 

Because of reported good performance of SST to predict 

impingement and its low computational cost, the numerical 

investigation of this study uses SST turbulence model. This 

model uses the standard k-e model in the free steam outside 

and the k-w model with low Reynolds number approach 

inside the boundary layer. Because the model resolves the 

viscous boundary layer, a high grid resolution is needed in 

direction normal to the wall. To meet this demand, the first 

cell size(y+) is required to be less than 1-2 and the growth 

factor is not more than 1.2. 

 

COMPUTATIONAL DOMAIN AND BOUNDARY 

CONDITION 

The computational domain is the same with the 

experimental section. The computational domain is shown in 

Fig.4. The geometric parameter is shown in Table.1. 

 

Fig.4 Computational domain 

 

Table.1 Geometric parameters 

Angle of 

impinging 

Length of 

entrance/mm 

Length of 

impingement 

chamber/mm 

height×

width/mm 

30° 300 100 100×100 

45° 300 100 100×100 

60° 300 100 100×100 

 

The mesh is present in Fig.5. The mesh used for 

numerical computations is structured grids generated by 

ANSYS ICEM. The boundary layer is concentrated so that 

the y+ satisfies the selected SST turbulence model 

conditions, and finally adopts the structured mesh y+ < 1. 

The boundary conditions are shown in table 2. The inlet 

boundary conditions are velocity inlet boundary conditions, 

0.72m/s, 1.12m/s, 1.47m/s, and the corresponding Reynolds 

numbers Re are 30000, 44000, and 57000. The inlet 

temperature is 303K; the target surface is set to heat flux 

boundary conditions, the heat flux density value is 

1300W/m; the rest of the walls are the adiabatic walls; the 

outlet temperature is 303k, gage pressure is 0Pa. 

 

 

 

 

Fig.5 Detailed view of the mesh 
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Table.2 Boundary condition 

location 边界条件 

inlet 0.72m/s、1.12m/s、1.47m/s， 303K 

outlet 303k， 0Pa(gage pressure) 

target heat flux density 1300W/m² 

others adiabatic 

 

NUMERICAL ACCURACY 

The effect of grid size is tested for grid independency 

study. The element number is varied from 200 million to 400 

million. The average heat transfer coefficient distribution of 

the target plate is shown in Table1 (Re=30000,the angle of 

impingement is 45°). Results show that compared with the 

case with 385 million elements, the other cases have a 

difference of 0.7% and 0.07% for average heat transfer 

coefficient. This difference is smaller than the variations 

between cases studied in the present study. Considering 

numerical accuracy and rapidity, 293million mesh is used in 

the study.    

 

Table.3 average heat transfer coefficient 

 

In order to ensure the accuracy of the numerical 

calculation, the numerical results are compared with the 

experimental results. Figure 6 is a comparison of the 

transverse mean heat transfer coefficient distribution 

(Re=57000). As shown by the diagram, the experiment 

agrees well with the numerical calculation.  

 

Fig.6 The distribution of average heat transfer coefficient 

 

RESULTS AND DISCUSSION 

EFFECT OF REYNOLDS NUMBER 

The spanwise average Nussle Number is shown in Fig7. 

(a) is the quantitative distribution, and (b) is the qualitative 

distribution. The study finds that because of higher 

turbulence near the stagnation point of impingement, there is 

higher heat transfer coefficient in these places; and with the 

increase of the distance from the stagnation point, the 

boundary layer becomes thicker, thermal resistance 

increases, and the heat transfer coefficient decreases. The 

study also finds that the heat transfer coefficient on the target 

surface increases with the rising of Reynolds number, which 

is due to increase of disturbance near the target surface. 

However, when the impingement angle is equal, the 

distribution of Nu qualitatively does not change with the 

increase of Reynolds number. Re does not affect the 

qualitative distribution of Nu. 

 

Fig.7 Experimental spanwise average Nussle Number 

 

EFFECT OF IMPINGEMENT ANGLE 

The experimental Nussle Number contour with different 

impingement angles (Re=57000) is depicted in Fig. 8. Under 

the same Reynolds number Re=57000, the location of the 

stagnation point is different due to the different impingement 

angles, and the location of the high heat transfer zone is also 

different. When the angle is 30 degrees the stagnation point 

position is at x/D=3.83, near the outlet position, so the high 

heat transfer in the zone near the exit; while the angle is 45 

degrees stagnation point is at x/D=2, near the centre of the 

geometry, and the zone of high heat transfer is in the centre 

of the geometry. When the impact angle is 60 degrees, the 

stagnation point is at x/D=0.94, near the entrance of the 

chamber, and the high heat transfer zone is near the entrance. 

As the impinging angle increases, the Nu of the high 

heat transfer zone increases. The study adjusts the Reynolds 

number through the flow rate. Reynolds number equal 

therefore means that the same flow rate. At different angle , 

element 
number 

average heat transfer 
coefficient /(W/𝑚2 · 𝐾) 

Relative error 

200million 140 0.7% 

293million 141.1 0.07% 

385millioon 141 0 

Nu/𝑁𝑢̅̅ ̅̅  

(b) 

(a) 
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velocity in the direction of parallel to the target surface is 

basically equal. So the cross flow resistance is basically the 

same. But velocity in the direction of perpendicular to the 

target surface increases with the increasing of angle. 

Therefore, increasing the angle is conducive to impinge on 

the target surface and improve heat transfer in the impinging 

area,. But the low heat transfer far from stagnation point of 

30°and 60°is higher than 45 °. 

 

 

Fig.8 Experimental Nussle Number contour 

The spanwise distribution of mean Nussle number in 

different angles measured in the experiment is shown in 

Fig10. It can be observed from the diagram that when the 

angle of impingement is equal, the qualitative distribution of 

Nussle number is the same at the different Reynolds number. 

It can be found that the high thermal zone migrates due to the 

different location of the stagnation point. While the 

impingement angle is 30 degrees, and the higher heat transfer 

zone is near the exit. When the impinging angle is 45 

degrees, the higher heat transfer zone is near the centre of the 

geometry. When the angle is 60 degrees, the higher heat 

transfer zone is near the entrance.  

 

 

Fig.9 Numerical streamline on x-z surface 

The pressure loss curve for the new cooling structure is 

shown in Fig11. The overall pressure loss increases as the 

Reynolds number increases. When the fluid flows into 

impingement hole or flows out of the impingement chamber 

by the outlet holes, due to sudden changes in the flow 

passage, the velocity in the direction perpendicular to the 

hole decreased sharply. And the kinetic energy of the fluid 

decreases. In this study, the Reynolds number is adjusted by 

adjusting the flow rate. Therefore, as the Reynolds number 

increases, the velocity of the fluid increases, and the velocity 

loss in the direction of perpendicular to the axis of the holes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10 Experimental spanwise average Nussle Number 

 

 

Fig.11 Experimental pressure loss 

increases as well. Therefore, with the increase of Reynolds 

number, the pressure loss also increases. The pressure loss 

characteristic of 30 degree angle is basically the same as that 
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of 45 degree angle, but the pressure loss for 60 degree is 

higher than that of 30 degree and 45 degree. 

 

EFFECT OF THE NUMBER OF THE IMPINGEMENT 

PLENUMS 

    The cooling structure with two impingement plenums is 

shown in Fg12. The experimental distribution of Nu contour 

on the target surface when the impingement angle is 45 

degrees is shown in Fig13. In general, there are no 

differences between Nu on the target 1, target2 of the 

structure with two impingement plenums and the target of 

the structure with one impingement plenum. It can be found 

that the number of the impingement plenums has little effect 

on the heat transfer.   

 

Fig 12 the cooling structure with two impingement plenums 

 

 

Fig13 Experimental Nu on the target surface(45°) 

 

 

    The numerical streamline is shown in Fig14. It can be 

observed that there are two vortexes in two opposite 

directions at the exit of the impingement hole of the cooling 

structure with one impingement plenum and the 

impingement holes of the cooling structure with two 

impingement plenums. Because the coming flow conditions 

are both uniform flow, the streamlines and the development 

of vortexes are the same for the hole of one impingement 

chamber and the first hole of the two impingement chambers.  

The formation of two vortex structures is near the entrance of 

the hole, then the vortex structures become larger. The 

coming flow conditions for the second hole of the two 

impingement chambers are complicated, different from the 

other holes in Fig14, so the development of the internal 

vortex is different from that of the single cavity and the first 

hole of the double cavity. In the second hole of the double 

cavity, there are forming a vortex structure near the entrance 

(the vortex structure 1), then the vortex structure is gradually 

moving from the centre of the hole to the right edge. At the 

same time, another vortex structure in the opposite direction 

forms at the bottom left (the vortex structure 2). And there is 

a pair of vortex structures generating at the upper edge of the 

hole (vortex structure 3 and vortex structure 4). Because of 

the interaction between vortexes, the vortex structure 1 and 

the vortex structure 2 then gradually decline and disappear, 

when the vortex structure 3 and vortex structure 4 develop 

and grow. Thus, only two opposite vortex structures can be 

observed at the exit of the second imping holes, which is the 

same with that of the other two holes in Fig14. Because of 

the same conditions at the exit of the imping holes, Nu on the 

target 1, target2 of the structure with two impingement 

plenums and the target of the structure with one impingement 

plenum is the same. 

 

 

Fig14 Numerical streamlines in the holes 

 

 

The experimental pressure loss for the cooling structure 

is shown in Fig15. With the increase of Reynolds number, 

the pressure loss increases. The reason has been described 

earlier. The pressure loss in the double cavities is higher than 

that of the single cavity, this is because that the number of 

the impingement holes in double cavities is more than that in 

the single chamber. When the pressure loss is equally 

distributed to each hole, the pressure loss of per hole in 

double chambers coincides with the one chamber. It shows 

that the pressure loss through a single hole is independent of 

the number of cavities. And there is a linear relationship 

between pressure loss and the number of impinging holes. 

Vortex 1 Vortex 2 

Vortex 3 Vortex 4 

Vortex 1 
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Fig.15 experimental pressure loss 

CONCLUSION 

In the present study, the experiment and numerical 

calculation are combined to investigate heat transfer and 

pressure loss characteristics for an obliquely impingement. 

The effects of Reynolds number, jet angle and the number of 

impingement plenums are studied. 

1. The heat transfer on the target surface increases with 

the increase of Reynolds number, but Re does not affect the 

qualitative distribution. 

2. The position of the high heat transfer zone on the 

target surface is shifted due to the different angle of 

impinging, which makes the stagnation point of the jet 

different. At the same time, with the increase of the jet angle, 

the heat transfer coefficient of high heat transfer zone 

increases. The pressure loss caused by 60 degrees holes is the 

largest, and the pressure loss caused by the 45 degrees holes 

and 30 degrees holes has no difference. 

3. The number of the impingement plenums has little 

effect on the heat transfer. The pressure loss through a single 

hole is independent of the number of cavities. There is a 

linear relationship between pressure loss and the number of 

impinging holes. 
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