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Abstract: The main feature of a delta wing is in the generation of vortices on the leading edge of its wings to 

provide additional stable lift at high angle of attack. The main purpose of this study is to analyze the impact of 

lee side central holes under thermal condition to the development of vortex flow field at the tip of a miniature 

delta wing and find the region with the most significant changes in the velocity and pressure gradient to serve 

as the thermal control location of a future delta wing. The study chooses near wing surface heat flux of 

Q=100W/m
2
 and 10W/m

2
, representing the high and the low heat flux, at Reynolds number, Re=2.64×10

3
 and 

8.84×10
3
, to perform flow field analysis. The study finds: the temperature effect under the high heat flux 

produces a significant impact on the angle of attack (AOA) and the angle of sideslip (AOS) of the delta wing 

and can easily cause the occurrence of asymmetric flow field of vortices at the downstream tip of the delta 

wing. Additionally, because a significant velocity and pressure gradient exist around the corner on the bottom 

slanted surface of the lee side central hole in the delta wing, the temperature impact on the change of AOA is 

most pronounced and it is also the region of which the development of vortex flow field is most affected. These 

findings could provide information on realizing the thermal effect on the leading-edge vortices over the 

miniature delta wing for future optimal flow control. 
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1 Introduction 
Control of vortices over slender delta wings at high 

angles of attack is dependent on the knowledge and 

on the ability to detect or observe the principle 

characteristics of the phenomenon. Substantial 

theoretical, experimental and numerical researches 

have focused on the characteristics of leading edge 

vortices and vortex breakdown. The vortex flow 

characteristics of a sharp-edged delta wing at high 

angles of attack were studied using a computational 

technique. Three dimensional, compressible 

Reynolds-averaged Navier-Stokes equations were 

solved to understand the effects of the angle of yaw, 

angle of attack, and free stream velocity on the 

development and interaction of vortices and the 

relationship between suction pressure distributions 

and vortex flow characteristics [1]. On the vortex 

dynamics of free-to-roll slender and nonslender 

delta wings, experiments were conducted on various 

free-to-roll delta wings with sweep angles in the 

range of 40-70 deg in a wind tunnel. The magnitude 

of the roll trim angle decreases with increasing 

sweep angle and almost disappears for the most 

slender wing [2]. Surface streamlines and normal-

to-plane motion adjacent to a delta-wing platform 

has been reported [3]. Elkhoury and Nakad 

indicated that control at the trailing edge has a 

global effect on buffet loading and three-

dimensional flow separation [3].  The leading-edge 

vortex of delta wing can not only improve the 

wing's aerodynamic characteristics, but also affect 

its aeroelastic characteristics. The results show that 

the leading-edge vortex has a significant impact on 

the flutter characteristics of that delta wing [4]. 

However, there are quite a few studies related to the 

cold and thermal flow field simulations and 

experiments of delta wing: such as the study of the 

impact of heat transfer by the longitudinal vortices 
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generated by the semi-delta wing in Eibeck and 

Eaton [5], and the study of the heat flux of a pair of 

semi-delta wings in Pauley and Eaton [6] etc. The 

results show: when the secondary current flows 

towards the wall surface, the heat transfer effect will 

be enhanced; while it flows away from the wall 

surface, the thermal effect will be reduced. Fiebig 

[7] points out: there is strong longitudinal vortex 

current behind the vortex generator of a delta wing. 

When this secondary current flows towards the wall 

surface, the heat transfer of the wall surface will be 

enhanced to achieve the objective of reducing the 

wall temperature. As a result, the efficiency of heat 

transfer of the whole pipeline can be boosted.  In 

addition, aerodynamic heating will result in changes 

in the natural dynamic characteristics of the models, 

so the flutter velocity of the delta wing will decline 

sharply [8]. According to the boundary layer theory, 

the separation state of the boundary layers at the 

leading edge of a delta wing will change under the 

disturbance of a micro-actuator. The leading edge 

vortices on both sides of the lee side of a delta wing 

will be distributed symmetrically without the 

disturbance of the actuator. On the other hand, if the 

micro-actuator agitates before the original 

separation point (assuming the micro-actuator is 

placed on the left front edge) causing the early 

separation of the boundary layers, the vortex core 

will move towards the outer flank of the wings. The 

corresponding vortex lifting torque on the flank will 

increase accordingly and produce a clockwise 

rolling torque. If the micro-actuator agitates behind 

the original separation point causing the late 

separation of the boundary layers, the vortex core 

will move inward causing the reduction of the 

vortex lifting torque on the same side. And the wing 

will obtain a counter clockwise rolling torque. 

Micro-actuator array not only can achieve rolling 

control, but also can produce torque to control the 

manoeuvring actions of a delta wing such as 

pitching, and yawing, etc. through the judicious 

placement of the micro-actuator array. Therefore, 

this study will analyze the impact of the thermal 

effect of the central hole to the wing tip vortices in a 

miniature delta wing and find the region with the 

most pronounced change of the velocity and 

pressure gradient as the thermal control point for a 

future optimal design of delta wing.  

 

 

2 Simulation Analysis 
This study investigates the impact of the thermal 

effect of the slanted surfaces around the central hole 

of a miniature delta wing on the leading-edge 

vortices development by using numerical simulation 

methods to identify the region with the most 

pronounced changes of the flow field for future flow 

control.  

The physical model is a miniature delta wing 

with a height of 123.49mm and a base of 200mm; 

the square slanted central hole has a length of 25mm 

on each side and a 26 degrees slanted surface 

towards the bottom. The geometric shape of the 

delta wing is shown in Fig.1.  

 

Fig.1 The diagram of the geometry of miniature delta wing (unit: mm) 
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The computation domain whose dimension is 

90cm×90cm×24cm respectively was applied for the 

delta wing and currents with uniform flow velocity 

of Vinlet= 0.34m/s and 1.1378m/s are introduced 

respectively at the entrance as inputs. The flow field 

boundary conditions are set to relative Reynolds 

numbers of Re = 2.64×10
3 
and 8.84×10

3
 and the rest 

of the boundary conditions are set to fixed pressure 

with 1 atmospheric pressure, as shown in Fig.2.  

90cm90cm

24cm

Inlet:1.137812m/s

F ixed P ress ure

F ixed P res s ure

F ixed P ress ure

F ixed P ress ure

F ixed P ress ure

Fig.2 The computation domain and the boundary conditions applied to simulation 

In this study, the simulation was performed with 

the CFD-ACE+ software (CFD Research 

Corporation, Huntsville Alabama), a multi-physics 

package based on the Finite-Volume methods [9, 10]. 

The program would be run on a 2.4 GHz Pentium IV 

processor with 1GB of RAM memory. The mesh-

independent test runs were made before the study.  

To perform numerical analysis, CFDRC numerical 

simulation software would be adopted to conduct the 

flow field analysis. Local mesh refinement is applied 

to areas with large geometric variations on the delta 

wing using first-order upwind solver method with 

structural and non-structural mesh alternatively; 

triangular mesh method is also used to avoid the flow 

model cusp problem to increase the accuracy of 

simulation. The working fluid is air; the simulated 

operating condition is one atmospheric pressure and 

300 K. The grid testing results of this study show 

that the number of grid for the three dimensional 

numerical analysis of the delta wing is about 1.9×10
5
 

and the convergence criteria is 10
-4
. The simulation 

adopts the finite volume method and uses mass 

conservation equation, momentum equation, and 

energy equation, which are matched with no-slip 

boundary condition. On concerning the thermal 

effect of the slanted surface around the central hole 

of a miniature delta wing on the leading-edge 

vortices, the heat flux at the four slanted surfaces 

around the square central hole of the delta wing is 

fixed at Q=10W/m
2
 and 100W/m

2
 respectively to 

conduct the grid calculation of the heat flux field of 

the delta wing [10]. Related boundary condition and 

initial condition provided by the experimental flow 

condition would be set in numerical study and 

confirmed by experiments finally.    

The basic fluid governing equations applied at an 

incompressible flow condition are as follows:  

Mass conservation equation:  

 ( )ρ∇ ⋅ = 0V

��������

                                                          (1)                

Momentum equation:  

VgP
Dt

VD 2∇++−∇= µρρ                                        (2)                                                                                                                         

Here, 
ρ

 is density；  V  is velocity vector； µ  is 

fluid viscosity； P  is pressure. 
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Energy conservation equation:  
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  (3) 

ho is total enthalpy； Keff is the effective thermal 

conductivity of the material；ιij is the viscous stress 

tensor；Sk is the external sources. 

 

 

3 Results and Discussion 

For realizing the impact of temperature and pressure 

to the fluid properties at various altitudes such as 

changes in the fluid viscosity, density, and gas flow 

velocity etc., this study chooses to use the 

dimensionless parameter Reynolds number, Re, as 

the control conditions of the flow field and the 

simulation analyses are carried out at the control 

conditions of the flow field of Reynolds number Re 

=2.64×10
3
 and 8.84×10

3
 respectively. Because the 

research results of the micro-delta wing in this study 

will be applied to the attitude control of micro-

satellite in the future, taking into account of the flow 

field changes on the wing surfaces, which are caused 

by  factors such as actual radiation/heat control on 

the wing surfaces, this study will conduct analyses 

for the effect of the velocity field and the 

temperature field to the flow field of AOA and AOS 

for the two cases of heating the slanted surfaces of 

the central hole with Q=100W/m
2
 and 10W/m

2
.Here, 

the angle of attack (AOA) is used to describe the 

angle between the chord line of the wing of a fixed-

wing aircraft and the vector representing the relative 

motion between the aircraft and the atmosphere in 

aerodynamics [11].  In addition, the angle of sideslip 

(AOS) relates to the rotation of the aircraft centreline 

from the relative wind [12]. First, at flow field, 

Re=2.64×10
3
, Fig. 3(a), AOA 10°and AOS 0°, and 

Fig. 3(b), AOA 25° and AOS 0°, are the velocity and 

temperature distribution diagrams for the slanted 

surfaces of the central hole at heating of 

Q=100W/m
2
. Fig. 3(a) shows the temperature 

distribution of the slanted surfaces of the central 

hole. Because there exists a larger velocity current at 

the central region of the lower slant surface and the 

convection thermal  

   

(a)AOA 10° and AOS 0° 

 

(b) AOA 25° and AOS 0° 

 

(c) AOA 25° and AOS 25° 
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Fig.3 The velocity and temperature distribution 

diagram of the slanted surface of the central hole at 

Re=2.64×103 and Q=100W/m
2
 

 

effect will be enhanced accordingly, the temperature 

distribution will be lower[6]. 

However, because a larger temperature gradient 

exists at the corner of the central hole, the velocity 

gradient at that point should be larger as well. 

Fig. 3(b) shows that there exists uneven 

temperature distribution on the slanted surfaces of 

the central hole. This is because an unstable flow 

field appears around the area; however, the velocity 

and temperature gradient is still larger at the lower 

corner of the central hole.  

Similarly, when the delta wing is at an AOA of 

25° and an AOS of 25°, there exists uneven 

temperature distribution on the slanted surfaces of 

the central hole due to unstable flow field as shown 

in the results of Fig. 3(c). 

 

Fig.4 The equal spacing R1-R7 positions on the left slanted surface of the central hole 

In order to further understand the thermal flow 

field on the slanted surfaces of the central hole of a 

miniature delta wing, seven points are selected at 

the center of the left slanted surface of the central 

hole; from the top corner of the left slanted surface 

(R1) to the bottom corner (R7) with equal spacing, 

which are marked as R1-R7, as shown in Fig. 4. The 

U and V direction velocity changes along the 

normal line direction of the slanted surface are 

analyzed for these positions.  

Fig. 5 shows the results of the U and V  velocity 

distribution of the flow field on the slanted surfaces 

of the square central hole at different distances from 

the slanted surface when Re = 2.64 × 10
3
, AOA of 

5°, AOS of 0°, and the heat transfer of Q = 

100W/m
2
. 

The results of Fig. 5(a) show that there exists a 

huge velocity differences within a distance of 2cm 

from the slanted surface, which indicates the 

existence of a larger unstable flow field due to the 

development of the vortex structure. 

Additionally, because the U direction velocity of 

R7 at the position of 2cm from the slanted surface is 

roughly zero, the R7 position must be the vortex 

radius of the wing tip vortex structure at R7. The U 

velocity approaches zero at a distance of 8 cm from 

the slanted surface of the central hole, which 

indicates that the external flow field is not affected 

by the interaction between the flow field at the 

central hole of the wing surface and the wing tip 

vortex structure.    

On the other hand, judging from the V velocity 

distribution of Fig. 5(b), a larger velocity gradient 

exists within 2cm from the slanted surface. This 

study investigates and analyzes the impact of AOA 

and AOS to the temperature effect under the 

condition of flow field, Re = 2.64×10
3
 and 

Q=10W/m
2
 and 100W/m

2 
on the four slanted 

surfaces of the central hole. It can be seen from the 
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results of Fig. 6: the temperature of the four slanted 

surfaces shows a level distribution at a flow field of 

Re=2.64×10
3
 and heat flux of Q=10W/m

2
, which 

indicates that there is no significant change of 

temperature, when AOA changes. When the heat 

flux is raised to Q=100W/m
2
, the impact of AOA to 

temperature is exhibited markedly, among which the 

changing relationship between temperature and 

AOA is most pronounced on the slanted surface 

underneath the central hole.  

Similarly, the impact of AOS to the temperature 

of the four slanted surfaces are investigated and 

analyzed under the condition of subjecting the 

central slanted surface to a heat flux of Q=10W/m
2
 

and 100W/m
2
.  

The results of Fig. 7 show: when the flow field is 

Re=2.64×10
3
 and the heat flux is Q=10W/m

2
, the 

impact of AOS to the temperature effect is not 

significant; while the heat flux reaches Q=100W/m
2
, 

there exhibits a significant change, which indicates 

that there is significant impact in the changes of 

temperature from AOA and AOS of the delta wing 

at high heat flux.  

 

(a)U direction velocity 

 

(b) V direction velocity 
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Fig.5 The velocity distribution at different locations on the slanted surfaces of the central hole under the 

condition of Re=2.64×10
3
, AOA 5° and AOS 0°, and Q=100W/m

2 

 

Fig.6 The diagram of the relationship between AOA and temperature on the four slanted surfaces of the central 

hole of the delta wing under the conditions of flow field Re=2.64×10
3
, and Q=10W/m

2 
and Q=100W/

2 

 

Fig.7 The diagram of the relationship between AOS and the temperature distribution on the four slanted 

surfaces of the central hole of the delta wing under the conditions of flow field Re=2.64×10
3
, and Q=10W 

/m
2
and Q=100W/m

2
 

This study also investigates the impact of AOA 

and AOS to the temperature effect under the 

conditions of raising Reynolds number to 

Re=8.84×10
3 
and Q=10W/m

2
 and 100W/m

2
. Fig. 8 

shows that there are no significant changes in AOA 
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effect when the Reynolds number is raised at 

Q=10W/m
2
. 

While at the heat flux Q=100W/m
2
, the 

temperature on the top slanted surface of the central 

hole rises with the increase of AOA, which is 

obviously different from the effect of AOA to 

temperature at Reynolds number Re=2.64×10
3
. It 

shows that the structure of the flow field has 

changed significantly at this time. 

Also, at Q=100W/m
2
, when AOA increases to 

10°, the increase of AOA will cause the rise of 

temperature accordingly, which shows that the 

structure of the vortex flow field on the delta wing is 

rather weak and the generation of the flow velocity 

is also lower. 

When AOA is larger than 10°, the impact on the 

wall surface temperature of the central hole caused 

by the increase of AOA is different. The top wall 

surface temperature of the central hole rises with the 

increase of the AOA, which is different from the 

temperature changing trend of the other three 

surfaces. It shows that the vortex structure has 

produced asymmetric flow field under the 

interaction of the flow field of the central hole of the 

delta wing; and the near field velocity on the top 

wall surface of the central hole should be lower than 

the other three surfaces.  

As a result, the thermal convection effect on the 

top wall surface should be weaker than the other 

three surfaces. Furthermore, the effect of AOS on 

the temperature distribution of the four slanted 

surfaces are investigated and analyzed under the 

condition of subjecting the central slanted surfaces 

to a heat flux of Q=10W/m
2
 and 100W/m

2
, at 

Re=8.84×10
3
. 

 

Fig.8 The diagram of the relationship between AOA and temperature on the four slanted surfaces of the central 

hole of the delta wing under the conditions of flow field Re=8.84×10
3
, and Q=10W/m

2 
and Q=100W/m

2
 

Fig. 9 shows under the condition of Q=10W/m
2
, 

when the flow field velocity is raised to 

Re=8.84×10
3
, the changes of AOS seems to have no 

significant impact on the temperature distribution. 

While raising the heat flux to which the wall surface 

is subjected to Q=100W/m
2
, there are significant 

impact on the temperature changes under the 

influence of large AOS. 

According to the boundary layer theory, the 

separation state of the boundary layers at the leading 

edge of the delta wing will change. The leading 

edge vortices on both sides of the lee side of the 

delta wing will be distributed symmetrically without 

disturbances. Therefore, whether it is before or after 

the separation of the flow field, if disturbances to 

separate flows are generated using an actuator or a 

sensor [13] which matches the thickness of the 

boundary layer, to influence the flow around the 

delta wing, the symmetry of the vortex can be 

broken to produce a torque to control the flight 
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manoeuvre such as rolling, yawing, and pitching etc. [13].  

 

Fig.9 The diagram of the relationship between AOS and the temperature distribution on the four slanted 

surfaces of the central hole of the Delta wing under the conditions of flow field Re=8.84×10
3
, and Q=10W/m

2
 

and Q=100W/m
2 

Fig. 10 (top figure) shows the flow field intensity 

diagram of the vortex structure at the centre cross 

section position of the central hole. It shows that the 

structure of the vortex is intact at this point of time 

in the figure. However, when the vortex develops 

towards downstream, the changes of the thermal 

boundary layers which are caused by the heat 

transfer will induce interactions between the 

vortices developed between the wings and the jets 

from the central hole and further break down the 

vortex structure and induce asymmetric flow field. 

Fig. 10 (bottom figure) shows that there exists 

significant effect on the flow field of the delta wing 

from the thermal effect under the condition of high 

angle of attack (HAOA) [14] and high Reynolds 

number flow field. In general, stable leading edge 

vortices on a delta wing can improve the 

aerodynamic performance effectively; while vortex 

breakdown can lead to a sharp fall in the lift.  
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Fig.10 (top figure) the vortex flow field at the center position of the central hole (bottom figure) the vortex flow 

field at the tip of the delta wing
 

At HAOA, vortex contributes at least 40% of the 

total lift [15]. If shear stress sensors are placed 

within the boundary layers, the instantaneous fluid 

separation line can be detected and micro-actuators 

can be activated to control the air flow in the 

separation region within the boundary layers, 

thereby changing the vortex structure to produce the 

necessary torque for pitching / rolling / swaying, 

which is needed to control the aircraft without the 

need of the traditional wing control and the required 

hydraulic or electrical control system: these micro-

actuators only need to move 1 to 2 mm to obtain the 

desired results[15]. 

To summarize the above discussions, because 

there is significant velocity and pressure gradient 

around the corner on the bottom slanted surface of 

the central hole in the delta wing, it is the region of 

which the development of vortex flow field is most 

pronounced and is the recommended thermal control 

location of the future. These findings will be useful 

to optimize slot at leading edge [16] and improve 

the knowledge of the link between mass flow rate 

and velocity jet exited for defining the new actuator 

of thermal flow control in the future. 

 

 

4 Conclusion 

This study conducts simulation analyses for the 

impact of the surface thermal effect on a miniature 

delta wing to the development of the wing tip 

vortices to find out the most pronounced region for 

the changes of the flow field on the wing surfaces. 

The research results are summarized and described 

respectively as follows:  

The temperature effect under high heat transfer 

produces significant impact on AOA and AOS of 

the miniature delta wing aircraft and can cause the 

occurrence of asymmetric flow field of vortices at 

the downstream tip of the delta wing. Because a 

significant velocity gradient and pressure gradient 

exists around the corner on the bottom slanted 

surface of the central hole on the delta wing, it is the 

region of which the development of vortex flow 

field is most pronounced. These findings could 

provide information on realizing the thermal effect 

on the leading-edge vortices over the miniature delta 

wing for future optimal flow control. 
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