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Abstract Impulsively starting flow, by a sudden attainment of a large angle of attack, has been

well studied for incompressible and supersonic flows, but less studied for subsonic flow. Recently,

a preliminary numerical study for subsonic starting flow at a high angle of attack displays an

advance of stall around a Mach number of 0.5, when compared to other Mach numbers. To see

what happens in this special case, we conduct here in this paper a further study for this case, to dis-

play and analyze the full flow structures. We find that for a Mach number around 0.5, a local super-

sonic flow region repeatedly splits and merges, and a pair of left-going and right-going unsteady

shock waves are embedded inside the leading edge vortex once it is sufficiently grown up and

detached from the leading edge. The flow evolution during the formation of shock waves is dis-

played in detail. The reason for the formation of these shock waves is explained here using the Laval

nozzle flow theory. The existence of this shock pair inside the vortex, for a Mach number only close

to 0.5, may help the growing of the trailing edge vortex responsible for the advance of stall observed

previously.
� 2018 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

18

19 1. Introduction

20 Starting flow is caused by a sudden change of the angle of
21 attack or forward speed of an airfoil, and is of primary impor-
22 tance in aeroelasticity (which involves step motion1), vehicle

23maneuverability2,3 (which involves fast movement of com-
24mand surfaces), and wing-gust interaction4 (which is equiva-
25lent to attain a finite angle of attack).
26For a small angle of attack, a linear theory has been devel-
27oped for incompressible staring flow by Wagner and
28Walker,5,6 for supersonic starting flow by Heaslet and Lomax,7

29and for subsonic flow by Lomax et al.8 A time-dependent ana-
30lytical lift force coefficient has been obtained for these cases.
31For the incompressible case, Wagner’s solution shows that
32the initial lift is one half of its steady state value and increases
33monotonically with time following a curve known as the Wag-
34ner function. This force variation is due to a gradual build-up
35of the boundary vorticity and a free vortex sheet from the trail-
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36 ing edge. For supersonic flow, the solution of Heaslet and
37 Lomax predicts a force plateau for small time, and this force
38 then increases in time, reaching to the steady state value for
39 large time. This force variation comes from interaction
40 between steady and unsteady Mach waves below and above
41 the airfoil.
42 For incompressible staring flow at a large angle of attack,
43 vortex spirals form from both the sharp leading edge and the
44 trailing edge, which, by close interaction with the airfoil, cause
45 an initial singularity of lift,9 and this singularity is then
46 released when the vortex spirals are blown off the airfoil. After
47 a force-increasing stage, stall occurs due to interaction between
48 leading and trailing edge vortices.
49 An analytical solution has been found by Bai and
50 Wu10,11 for supersonic and hypersonic starting flows at a
51 large angle of attack. In this case, a steady shock wave
52 and an unsteady shock wave form on the windward side
53 of an airfoil, and their interaction leads to a secondary
54 wave which grows in time. A steady Prandtl-Meyer wave
55 and an unsteady rarefaction wave form on the leeward side
56 of the airfoil, and their interaction also forms a secondary
57 wave growing in time. A further study shows that inside
58 the secondary wave on the leeward side, there is a left-
59 going shock wave.12

60 If we look at the connection between the flow structure
61 and the force behavior for starting flow at a high angle of
62 attack, it may be concluded that for incompressible flow,
63 the force behavior is dominated by vortex flows, while for
64 supersonic flow, this is dominated by compressible flows.
65 However, it is special for subsonic starting flow where both
66 vortices and compressible waves may be important. The
67 subsonic flow problem may be further complicated by inter-
68 action between compressible waves and vortices. This inter-
69 action may be pronounced at an intermediate Mach number
70 between zero and one.
71 Indeed, a preliminary study for subsonic starting flow at a
72 large angle of attack13 shows that stall is advanced at one
73 Mach number, i.e., stall for a large angle of attack occurs at
74 a time earlier than other Mach numbers. It is therefore
75 required to look at what happens at this particular Mach
76 number.
77 We therefore display in this paper the flow details for sub-
78 sonic starting flow at that Mach number and at an angle of
79 attack. The particular flow structure will be analyzed. Notably,
80 we will examine whether there are shock waves embedded in
81 the vortex flow structure that may be responsible for the
82 observed lift evolution behavior with advance of stall.
83 Such a study not only enriches knowledge about the flow
84 structure of subsonic starting flow at a high angle of attack,
85 but also offers a possibility to observe in real applications
86 whether shock waves appear inside a compressible vortex, a
87 phenomenon anticipated using a simple vortex pair model.14,15

88 The simple vortex pair model is for steady flow, and here in the
89 present case, the flow is unsteady, so the phenomenon is more
90 complex.
91 In Section 2, we will demonstrate numerical results of the
92 flow structure. In Section 3, we will perform an analysis of
93 the flow structure observed. Section 4 shows the detailed his-
94 tory of shock formation. Conclusions are provided in
95 Section 5.

962. Numerical results of subsonic starting flow

97As usual for study of starting flow, we use the nondimensional
98time defined by
99

s ¼ V1t

cA 101101

102This non-dimensional time measures the number of chords
103traveled at time t by an airfoil of a chord length cA and trav-
104elling at a constant speed V1.
105Fig. 1 displays the lift force evolutions in time for subsonic
106starting flow at various Mach numbers and for an angle of
107attack a= 20�. For incompressible flow (zero Mach number),
108stall occurs after the airfoil travels about 4 chord lengths, i.e.,
109at s � 4. For a Mach number Ma1 ¼ 0:8, stall occurs at
110s � 3:4. For a Mach number of 0:5, stall occurs at s � 3:0.
111Thus, for a Mach number around 0:5, stall occurs earlier than
112for other Mach numbers, whether they are higher or lower
113than 0:5. This would mean that something new appears in
114the flow structure for a Mach number around 0:5.
115To see what happens, we display the streamlines, Mach
116contours, and pressure contours for several typical instants
117and computed numerically by CFD, for Ma1 ¼ 0:5 and a
118= 20�.
119The flow is computed using a body-fixed frame, in which
120the airfoil is held fixed. A uniform flow with the given angle
121of attack is set initially. Once computation is started, the appli-
122cation of a non-penetrating condition along the wall of the air-
123foil builds vorticity and compressible waves near the wall.
124The present study only considers inviscid flow. We thus
125solve the full set of nonlinear Euler equations in gas dynamics.
126For numerical simulation, we use the same approach as used
127before for a similar problem.10,11 The grid is refined as before
128to have a grid-converged solution (see Appendix C in Ref. 11
129for details). Precisely, we use the well-known Roe scheme
130based on finite difference approximation and second-order
131upwinding for the flux. The Fluent code incorporating these
132CFD approaches is used. This approach has been quantita-
133tively verified using known analytical solutions, including the
134linear solution of Heaslet-Lomax supersonic starting flow

Fig. 1 Lift curves for starting flow of flat plate at several Mach

numbers (angle of attack a= 20�), showing that stall occurs

earlier at a Mach number of 0.5. (The data comes from Ref. 13).
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