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ABSTRACT 

To study the cooling problem of stealth aircraft tail boom, which caused by the application of exhaust nozzle retraction 
technology. A Three-layer laminated cooling structure was established for tail boom. The overall cooling effectiveness and 
discharge coefficient of the structure were experimentally measured with different impingement distances 
(Hi/Dih=0.83,1.39) under blowing ratios (M=0.075~0.375), based on the infrared temperature measurement technology. 
The experimental results indicate that the laminated structure designed in this paper can efficiently cool the hot side wall 
of the tail boom for stealth aircraft. The area-averaged overall cooling effectiveness is 0.55~0.81 in the range of 
BR=0.075~0.375. The optimum blowing ratio is 0.300, and the corresponding area-averaged overall cooling effectiveness 
is above 0.8. The impingement distance has little effect on the overall cooling effectiveness. Hi/Dih increases from 0.83 to 
1.39, the peak value of laterally averaged cooling effectiveness decreases, and the cooling uniformity of laminate surface 
is improved. Increasing the impingement distance will significantly reduce the flow resistance of this laminate. However, 
the flow resistance of three-layer laminate is still relatively large, Cd=0.098 for Hi/dfh=0.83 and Cd=0.132 for Hi/dfh=1.39. 
The flow resistance performance of this new structure needs to be studied to improve. 
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1. INTRODUCTION 

After the 21st century, the development direction of advanced fighter technology has changed. In the foreseeable 
future, stealth performance will become the top priority of advanced fighter aircraft among all technical and tactical 
indicators. Fighters will gradually develop towards a high-stealth aerodynamic configuration with omni-directional and 
full-spectrum stealth[1, 2]. Throughout the stealth fighters all over the world, the technology that exhaust nozzle retracts 
toward fuselage is widely used (as shown in Fig 1). The adoption of this technology shortens the fuselage length, reduces 
the moment of inertia, and improves the agility of fighters, compared with traditional non-stealth aircraft (such as American 
F16 fighter). Meanwhile, it will be easy to reduce the lateral infrared characteristics by using the shielding effect of the rear 
fuselage on the exhaust system. The aircraft will have both good aerodynamic performance and excellent stealth 
performance[3].  

The whole horizontal tail and tail boom structures will be behind the engine nozzle outlet, when the exhaust nozzle 
retracts toward fuselage. The high temperature tail flame of 2050K will inevitably wash and burn the inner sides of the tail 
boom and flat tail during afterburner(such as Fig 2), and the electronic equipment inside the tail boom may not to work 
normally in severe cases. In addition, high emissivity materials are usually coated on the inner sides of the tail support and 
the flat tail to reduce their reflection on the incident radiation of the exhaust system[3]. Its purpose is to hold the high stealth 
performance under non-afterburning. However, the inner side walls temperature of the tail boom and the horizontal tail 
will further increase due to the increase of the incident radiation from the exhaust system and the tail flame during 
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afterburner. In this case, the tail boom structure may be damaged. In view of the above problems, it is necessary and 
significant to study the cooling of the inner side wall of the tail boom for stealth fighters. 

In the published research literature, there is few studies on the cooling of tail boom for stealth aircrafts, and there are 
more researches on the aerodynamic and structural mechanical properties of the tail. Deman Tang et al.[4] developed a 
computational code of aeroelastic analysis for an all-movable horizontal tail, and conducted a companion wind-tunnel test 
program. The study indicates the root rotation angle, gravity loads, and the initial conditions all significantly affect the 
LCO behavior. P.C Chen et al.[5] performed a nonlinear flutter analysis to study the LCO characteristics of an F-35 wind-
tunnel model with horizontal tail free-play effects using a direct simulation method. Fazil S et al.[6] improved a multi-
objective horizontal tail optimization approach by taking leading edge flap and trailing edge flaperon deflections into 
account.  

 

 
Previously, these studies about thermal protection and cooling were mainly focused on high-heat load components 

such as combustion chamber and turbine. Among all kinds of cooling methods, combing the advantages of film cooling, 
impingement cooling and enhanced cooling by pin fins, laminated cooling can easily produce high overall cooling 
effectiveness. The laminated cooling structure is composed of two or three layers of plates, and cooling channels are formed 
in the walls and between the inner and outer walls. This cooling method can save the consumption of coldant, make the 
cooling more uniform and reduce the thermal stress. Wear et al.[7] conducted a comparative study on laminated flame tube 
and segmented film-cooled flame tube under 8atm, 2200K condition. Under the same conditions, the former saves 60% 
cooling air compared with the latter, and there is no durability problem. Allison company[8] designed the first turbine blade 
with laminated cooling, and the overall cooling effectiveness can reach to 0.6~0.7. The arrangement and types of holes and 
pin fins were the key factors deciding the cooling performance and thermal stress characteristics of laminated configura-
tions. Xiao Dong Zhang and Qing Hua Deng et al.[9] studied respectively the influences of film hole size and coolant 
ejection angle on overall cooling effectiveness of laminate with the conjugate heat transfer method. The study from Chen 
Wang[10] revealed the effects of geometric and thermodynamic parameters on overall cooling effectiveness of laminated 
configuration. 

The laminated structure has the advantages of superior cooling performance. And its high structural strength and low 
thermal stress level are well suited for tail boom cooling structures that need to withstand aerodynamic forces transmitted 
from horizontal and vertical tail wings. In this study, a three-layer laminated cooling structure is designed according to the 
load bearing requirements and structural characteristics of the tail boom, as well as the working temperature requirements 
of the internal radar electronic. The overall cooling effectiveness and flow resistance characteristics of laminate with 
impingement distance (Hi/dfh=0.83, 1.39) were experimentally studied by using infrared temperature measurement 
technology. It is found that  the area-averaged overall cooling effectiveness is 0.55~0.81 in the range of BR=0.075~0.375. 
the structure can efficiently cool the hot sidewall of the tail boom of stealth aircraft, and has superior cooling potential. 

2. GEOMETRY MODELS  

The shape of the side wall surface of the tail support is roughly triangular, as shown in Fig. 2. The laminated cooling 
structure designed in this study is shown in Fig.3, which is composed of film plate, impingement plate and back plate. The 
outer plate is the film plate close to the hot gas to bear the maximum heat load, and the middle plate is the impingement 
plate which provides support. The back plate not only forms a coolant chamber, but also protects the electronic equipment 
inside the tail boom. And each plate is connected to the other by the pin fins. 

As shown in Fig 5, the coolant enters the coolant chamber through two cylindrical channels on the back plate, and 
creating high heat transfer regions on the impingement plate, then rushes into the impingement chamber through the 
impingement holes. Finally, coolant flows out from the film holes to form film cooling on the outer plate. In this process, 
the coolant flows through the small channels between the pin fins, which enhances the heat transfer and takes away a large 
amount of heat. At the same time, the impingement of coolant and the overflow of holes can also cause high heat transfer 
coefficient. In order to enhance the impingement effect on the impingement plate near the coolant inlet, impingement holes 

  

Figure 1 Typical stealth fighter Figure 2 Tail of F-35 stealth joint strike fighter 
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and pin fins are not arranged on these region of impingement plate. There are also no pin fins and impingement holes 
beneath the stress relief bump. The purpose is to enhance the diffusion ability of the coolant in the coolant chamber. 

The detailed arrangement of holes and pin fins is shown in Fig. 4 and Fig. 5. S and P denote the flow direction spacing 
and spanwise spacing, respectively. δ, d, Hi and H denote plate thickness, hole diameter, impact distance and the height of 
coolant chamber, respectively. The pin fins in the impingement chamber are coaxially arranged on the pin fins in the coolant 
chamber at intervals along the flow direction. x, y and z represent flow direction, spanwise direction and vertical direction 
of film plate, respectively. The relevant parameter values are shown in Table. In the present study, two kinds of laminated 
structure with impingement distance Hi of 3mm and 5mm (corresponding to Hi/dfh =0.83, 1.39) were studied 
experimentally. And their geometric parameters are the same, except for the impingement distance. 

 

 
 

Figure 3  Three-layer laminate structure Figure 4  Arrangement of holes and pin fins 

  

 

Figure 5  Schematic diagram of three-layer laminated cooling structure 
 

Table 1  Geometrical parameters value of the laminate 

Parameters Meaning Value Parameters Meaning Value 

dfh, mm Diameter of film hole  4.5 Sfh, mm Stream spacing of film hole 9.0 

dih, mm Diameter of impingement hole 3.6 Sih, mm Stream spacing of impingement hole 9.0 

dpfi, mm 
Diameter of pin fin at impingement 

chamber 
5.0 Sphi, mm 

Stream spacing of pin fin in impingement 

chamber 
9.0 

dpfc, mm Diameter of pin fin at coolant chamber 4.0 Sphc, mm Stream spacing of pin fin at coolant chamber 18.0 

Hi, mm Impingement distance 3.0 Pfh, mm Spanwise spacing of film hole  16.5 

H, mm Height of coolant space 5.0 Pih, mm Spanwise spacing of impingement hole 8.25 

δft, mm Thickness of film plate 2.0 Pphi, mm 
Spanwise spacing of pin fin in impingement 

chamber 
16.5 

δit, mm Thickness of impingement plate 2.0 Pphc, mm Spanwise spacing of pin fin at coolant chamber 16.5 

δbt, mm Thickness of back plate 1.5    
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3. EXPERIMENTAL FACILITY AND METHODS 

The experiment was carried out on the flat-plate film cooling experimental platform at the Heat Transfer and Cooling 
Technology Laboratory, Northwestern Polytechnical University. As shown in Fig. 6, the mainstream from Roots Blower 
through electric heating equipment, transition section, filter screen and contraction section in turn. The mainstream velocity 
and temperature were maintained at 74.3m/s and 585.8K during the experiment. The inlet mainstream turbulence intensity 
was about 4% and distributed uniformly, which was measured by a hot-wire anemometer. The coolant temperature is 
292.2K, and its flow rate is controlled by the flowmeter with feedback according to the blowing ratio. The coolant 
temperature and pressure measurement points are shown in Fig 7(b). The film outlet pressure is measured by five pressure 
measurement points arranged along the mainstream flow direction. 

 

 

Fig6  Schematic diagram of experimental system 

  

  

(a) Front view of l laminate (with black lacquer) (b) Back view of laminate 

Fig7  Experimental model 
 
The laminated structure has a wide of 500mm and a height of 220mm, which was manufactured by 3D printing using 

GH3536 material. The infrared thermography is used to measure the surface temperature of the film plate through the 
infrared glass. The calibration of infrared measurement data is carried out in advance by using six thermocouples embedded 
on the black painted film plate surface. The infrared thermography (Gobi-640-GigE-8851) is produced by Xenics 
Company, and its temperature measurement range and resolution are 50~400℃ and 0.1℃, respectively. The infrared glass 
material is ZnS, which has over 90% transmissivity in 8~14μm wave band. In order to improve the signal-to-noise ratio 
and ensure consistent thermal radiation characteristics on the measuring surface, the surface of film plate is uniformly 
sprayed with a matt black paint with high emissivity, as shown in Fig 7 (a). In addition, asbestos is filled around the test 
piece to reduce the influence of heat conduction of the surrounding hot wall on the experiment results. The infrared 
calibration curves of the two test pieces are shown in Figure 8. The calibration points are evenly distributed near the 
calibration curve, and the correlation coefficients are 0.9843 and 0.9909 respectively. The detailed measurement and 
calibration steps about the experiment were illustrated by Niu[11]. 
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Fig8  Infrared calibration data 

4. EXPERIMENTAL TEST CONDITION AND DATA ANALYSIS METHOD 

4.1 Experimental test condition 

The mainstream inlet Reynolds number, coolant inlet Reynolds number and blowing ratio are defined as 
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where g gu  is derived from the mainstream inlet, c cu  is is derived from the inlet of coolant. g  and c  are 

dynamic viscosity coefficients calculated according to the inlet temperatures, respectively. 
Experiment was performed to investigate the overall cooling effectiveness and flow resistance characteristics with 

Hi/dfh=1.39, 0.83 under five different blowing ratios. 

4.2 Data analysis Method 

Local, laterally-averaged, and area-averaged overall cooling effectiveness were presented to illustrate the effects of 
blowing ratios and impingement distances. Overall cooling effectiveness are defined as 
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where Tw is the wall temperature of film plate surface. 
Discharge coefficient is used to study the flow resistance characteristics of laminate. The discharge is the ratio of the 

actual mass flow jetting from the film hole to the ideal mass flow, and its is defined as 
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where A0 is the coolant equivalent circulation area, Aih and Afh are the total area of impingement holes and film holes, 
respectively. *

cP  and gP  are the total pressure at the coolant inlet and the static pressure at the film outlet, respectively. 

4.3 Measurement uncertainty 

The uncertainty analysis of the overall cooling effectiveness was carried out using the method of Moffat[12]. The 
calculation formula of uncertainty is as follows. 
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In the experiment, the temperature uncertainty of mainstream and coolant was 2.5K and 0.5K, respectively. The 
uncertainty of overall cooling effectiveness caused by the heat loss of the main flow along the channel was 0.008. The 
uncertainty of blowing ratio was 0.019. After calculation, the uncertainty of overall cooling efficiency is 0.012~0.015 for 

local =0~1. 

5. RESULT AND DISCUSSION 

In the process of experiment, there is inevitable heat conduction between the film plate and the surrounding hot wall. 
Therefore, the central region of the film plate was intercepted for data processing and analysis to obtain the actual cooling 
performance of the laminate. The region of interest is indicated by a white lines rectangular in Fig. 7(a). It should be noted 
that the following discussion of laterally-averaged, and area-averaged overall cooling effectiveness are based on the region. 

5.1 Effects of blowing ratio 

Fig. 9 shows the overall cooling effectiveness distribution on the film plate under different blowing ratios. The results 
of impingement distances Hi=3mm(Hi/dfh=0.83) and Hi=5mm(Hi/dfh=1.39) are shown in Fig. 9(a) and fig. 9(b), 
respectively. With the increase of the flow direction distance, the wall temperature drops sharply due to the superposition 
effect of films. In the front region, the coolant jetted from the film holes must go through a development stag, and the full 
film protection has not been formed yet. Moreover, the heat conduction from the upstream wall without film holes will also 
adversely affect the cooling of these regions, the local cooling efficiency is certainly small. There is impingement cooling 
with high heat transfer coefficient on the impingement plate near the coolant inlet. This will take away a large amount of 
heat conducted by the pin fins from the film plate. Therby a high cooling efficiency region appears in the centre. With the 
increase of blowing ratio, the high cooling efficiency region gradually expands upstream and downstream. It is worth noting 
that there is an obvious heat transfer enhancement phenomenon caused by film hole overflow near x/dfh≈55, so that the  
local high effectiveness appears at the edge of the film hole. 

 

 

BR=0.075 

  

BR=0.150 

  

BR=0.225 

  

BR=0.300 

  

BR=0.375 

  

 (a) Hi=3mm(Hi/dfh=0.83), dfh=4.5mm (b) Hi=5mm(Hi/dfh=1.39), dfh=4.5mm 

Figure9  Overall cooling effectiveness distributions on the film plate of laminate  
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In the posterior region, the overall cooling effectiveness becomes stable and no longer varies significantly along the flow 
direction. There are the coolant accumulation in the downstream of the laminate cavity due to the reinforcement of internal 
crossflow effect under high blowing ratio (BR=0.300, 0.325). This causes more film outflow near x/dfh≈80, and the overall 
cooling efficiency increases locally. 

Compared with the cooling results of laminate without pin fins in the paper[13], there is no local high cooling efficiency 
region on the film plate caused by impingement jet in the Fig. 9. And the wall temperature is distributed uniformly along 
the spanwise direction. It illustrates that the pin fins in the impingement chamber has excellent performance in 
homogenization cooling. 

 

  

(a) Hi=3mm(Hi/dfh=0.83), dfh=4.5mm (b) Hi=5mm(Hi/dfh=1.39), dfh=4.5mm 

Figure10  Laterally averaged overall cooling effectiveness 
 
Fig. 10 shows the laterally averaged overall cooling effectiveness distribution along the flow direction under different 

blowing ratios. The variations of cooling effectiveness along the flow direction are basically the same for different blowing 
ratios. The cooling effectiveness shows a fluctuating zigzag change due to the heat transfer enhancement by overflow in 
discrete film holes and their edges. The impingement effects of coolant inlet make the cooling efficiency increase rapidly 
at the position of x/dfh=40 and form a peak. There is a second peak near the downstream, because the coolant accumulation 
at the inlet leads to the outflow increase nearby film holes. 

With the increase of blowing ratio in the range of BR= 0.075 ~ 0.300, the cooling effectiveness increases, but the 
increasing extent gradually slows down., The coolant film is divorced from the wall and the hot gas is drawn into the 
vicinity of the wall, when the blowing ratio reaches 0.300 or 0.375. On the other hand, the internal impingement and 
crossflow of the laminate are promoted, which enhances the internal heat transfer of the laminate. The final overall effect 
is that the spanwise average overall cooling effectiveness of BR=0.375 and BR=3.00 has little difference. The optimum 
blowing ratio is 0.300, and the corresponding area-averaged overall cooling effectiveness is above 0.8. To sum up,  three-
layerlaminated structure can cool effectively the hot sidewall of stealth aircraft tail boom. 

5.2 Comparison of result with Hi/dfh=0.83, 1.39 

Fig. 11 shows the comparison of spanwise averaged overall cooling effectiveness along the flow direction at 
impingement distances Hi/dfh=0.83, 1.39. When the non-dimensional impingement distance increases from 0.83 to 1.39, 
the cooling effectiveness in the middle section of the test plate decreases, while the cooling efficiency in the front and 
posterior sections increases. As a result, the cooling uniformity is improved. With the impingement distance increases, the 
momentum loss caused by vortex on both sides of the impingement jet increases, which attenuates the impingement cooling 
ability[10]. On the other hand, increasing the impact distance also leads to an increase in the volume of the impingement 
chamber, which reduces the resistance of coolant flowing to other regions in the chamber. This can also be known from 
the flow resistance characteristics in Fig. 13. 

The impingement distance has different effects on the area-averaged overall cooling effectiveness under different 
blowing ratios. The area-averaged overall cooling effectiveness with Hi/dfh=0.83 is higher than that with Hi/dfh=1,39 at 
BR=0.075~0.150. However, the opposite is true at BR=0.225~0.375. Overall, the effects of the impingement distance on 
cooling effectiveness are not very obvious. For example, the impingement distance increases from 3mm by 66.7% to 5 
mm, the area-averaged cooling effectiveness only decreases by about 1.1% at BR=0.075 and increases by about 0.7% at 
BR=0.300. 
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Figure11  Comparison of laterally averaged 
overall cooling effectiveness

 Hi=3mm(Hi/dfh=0.83), Hi=5mm(Hi/dfh=1.39) 

Figure12  Comparison of area-averaged overall 
cooling effectiveness 

Hi=3mm(Hi/dfh=0.83), Hi=5mm(Hi/dfh=1.39) 
 

5.3 Flow resistance 

Fig. 13 shows the variation of the discharge coefficient with the blowing ratio at impingement distances Hi/dfh=0.83, 
1.39. Blowing ratio has little influence on flow resistance. The discharge coefficients of Hi/dfh=0.83, 1.39 change with the 
blowing ratio in the same trend around 0.09 and 0.12, respectively. At the blowing ratio of 0.150, the discharge coefficient 
is maximum, Cd=0.098 for Hi/dfh=0.83 and Cd=0.132 for Hi/dfh=1.39. The results show that flow resistance of the three-
layer laminate structure in this study is relatively large at all the tested conditions. Compared with the double-layer laminate, 
the three-layer laminated structure has nearly doubled the loss of airflow bending, impingement and separation. So, the 
flow resistance performance of this new structure needs to be studied to improve.The discharge coefficient of Hi/dfh=1.39 
is generally larger than that of Hi/dfh=0.83 in the range of blowing ratio studied. Compared with the blowing ratio, the 
impact of the impingement distance on discharge coefficient is very obvious. For example, the discharge coefficient is 
improved about 35% by increasing the impingement distance about 66.7% form Hi/dfh=0.83 to Hi/dfh=1.39. It illustrates 
that the flow resistance of coolant can be reduced significantly at each blowing ratio by increasing the impact distance 
properly. 

 

 

Figure13  Flow coefficient of laminate with 3mm(Hi/dfh=0.83) and 5mm(Hi/dfh=1.39) 

6. CONCLUSION 

The technology that exhaust nozzle retracts toward fuselage is widely used in stealth aircraft, which will cause the hot 
tail flame to scour and burn the tail boom or the inner side wall of the horizontal tail during afterburning. To solve the 
problem, a three-layer porous laminated cooling structure was designed according to the structural characteristics of the 
side wall of the tail boom. The overall cooling effectiveness and flow resistance characteristics of laminate with 
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impingement distance (Hi/dfh=1.39, 0.83) were experimentally studied by using infrared temperature measurement 
technology. Some useful conclusions were obtained from the study: 

1) A three-layer laminated structure designed in this paper can efficiently cool the hot side wall of the tail boom for 
stealth aircraft. The area-averaged overall cooling effectiveness is 0.55~0.81 at BR=0.075~0.375. The optimum blowing 
ratio is 0.300, and the corresponding area-averaged overall cooling effectiveness is above 0.8. 

2) When the non-dimensional impingement distance increases from 0.83 to 1.39, the cooling effectiveness in the 
middle section of the test plate decreases, while the cooling efficiency in the front and posterior sections increases. But the 
impact of the impingement distance on cooling effectiveness is not very obvious. 

3) Increasing the impingement distance will significantly improve the flow resistance characteristics of this laminate. 
However, the flow resistance of three-layer porous laminate is still relatively large, Cd=0.098 for Hi/dfh=0.83 and Cd=0.132 
for Hi/dfh=1.39. The flow resistance performance of this new structure needs to be studied to improve. 

 
 

NOMENCLATURE 

A Channel area of coolant (m2) Subscript 
BR Blowing ratio (=ρcuc/ρgug)  0 Equivalent area 
Cd Discharge coefficient actual Actual mass flow value 
d Diameter of the holes or pin fins (mm) area Area-averaged value 
H Height of the chamber (mm) bt Back plate 
m  Mass flow (kg/s) c Coolant 
P Spanwise spacing (mm) or Static preasure (Pa) fh Film hole 
P* Total pressure (Pa) ft Film plate 
Re Reynolds number g Mainstream 
S Stream spacing (mm) i Impingement distance 
T Temperature (K) ideal Ideal mass flow value 
u Velocity (m/s) ih Impingemen hole 
X Streamwise direction (mm) it Impingemen plate 
Y Spanwise direction (mm) lateral Laterally averaged value 
Z Vertical direction (mm) local Local value 
  phi Pin fin at impingement chamber 
Greek Symbols phc Pin fin at coolant chamber 
ρ Density (kg/m3) w Wall 
δ Thickness of the plate (mm)   
ƞ Overall cooling efficiency   
µ Dynamic viscosity (Nꞏs/m2)   
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