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High-speed flows over a cavity produce remarkably local heat augments. Heat transfer characteristics 
of compressible flow over a cylindrical cavity were revealed using wind tunnel experiments and 
computational analysis. Heating augmentation induced by cylindrical cavities is significant near the 
trailing edge of the cavity and distributed in a finite width along the spanwise direction. The heating 
augmentation of the cylindrical cavity decreases with the decrease in the ratio of cavity diameter (D) 
to cavity depth (H). Relationships between heat transfer and flow structures of the cylindrical cavity are 
observed. 3D geometric features of the cylindrical cavity lead to the formation of slant recirculating eddy 
and the existence of symmetric open flow regions in both spanwise sides of the closed cavity.

© 2022 Elsevier Masson SAS. All rights reserved.
1. Introduction

Studies on cavity flows are highly interesting in engineering 
applications, such as weapon bays and landing gears of aircraft, 
sunroofs of automotive, and mixing control for supersonic com-
bustion [1–6]. A large body of previous studies mainly focuses on 
the complex flow mechanisms, acoustic instabilities, wave interac-
tions, and the corresponding flow control techniques. Based on its 
flow characteristics, cavities are also commonly used as the flame 
holder in the ramjet [7–12]. The unique flow characteristics of the 
cavity also cause the change of the heat transfer characteristics of 
the cavity and its surrounding area. A typical case is the accident 
of the space shuttle Columbia in February 2003 [13]. The rectan-
gular cavity, as the local damage in the heat shield, causes heating 
augmentation in supersonic/hypersonic flows and brings disastrous 
effects [14,15]. The geometry of cavities in reality is not limited to 
rectangular. The existence of particle collision, screw sealing holes 
may form the cylindrical cavities. Therefore, understanding heat 
transfer induced by a cylindrical cavity in a high-speed flow has 
important theoretical and practical significance.

In general, a 2D cavity can be divided into two stable flow 
regimes based on the length-to-depth (L/H) ratio [16,17]. The cav-
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ity with a range of 1 < L/H < 10 is an open cavity, and the cavity 
with a range of L/H > 14 is a closed cavity. The freestream of 
the open-cavity flow does not enter the cavity directly and forms 
an over-cavity shear layer. On the contrary, the mainstream of 
the closed-cavity flow impinges the cavity floor and forms two 
backward- and forward-facing step flowfields. The cavity with a 
range of 10 < L/H < 14 is a transitional cavity. The flow is un-
steady in the case that can form either open- or closed-cavity 
flows. The characteristics of cavity flow also depend on the ex-
ternal Mach number, the Reynolds number, the ratio of incom-
ing boundary layer thickness to depth, and 3D geometric effects 
[18–21]. In addition, the upper and lower limits of the transitional 
cavity do not maintain a fixed value (from 10 to 14). The bound-
ary of cavity flow regimes varies with cavity geometry and Mach 
numbers [22–24].

Three-dimensional cavities have more complex flow patterns. 
Regions with strong flow friction often correspond to high heating 
flux in general. For the rectangular cavity configuration [14,25–27], 
the numerical and experimental results indicate that strong shear 
occurs on the cavity’s bottom and rear regions, thereby resulting in 
corresponding local heating augmentation regions. For the cylindri-
cal cavity configuration, only few studies have been carried out and 
mainly considered incompressible cavity flow patterns [28–30] and 
strong acoustic effects [31,32]. Hiwada et al. [33] investigated flow 
and heat transfer characteristics of low-speed cylindrical cavity 
flow (U∞ = 5–10 m/s). In addition to these typical flow patterns, 
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Fig. 1. Sketches of (a) the test cabin of wind tunnel and (b) the flat-plate model with cylinder cavity.

Table 1
Airflow condition in the high-enthalpy free-jet tunnel.

Ma∞ T0 (K) p0 (MPa) ρ∞ (kg/m3) T∞ (K) Re∞/m (m−1) θ (◦)

5.5 1589.1 3.1 5.06 × 10−2 229.5 5.66 × 106 16.0
Table 2
Geometries of the cylindrical cavities.

Case D (mm) H (mm) D/H

1 10 1.0 10.0

2 2.0 5.0

3 3.0 3.3

4 20 1.0 20.0

5 2.0 10.0

6 3.0 6.7

an asymmetric flow pattern was noted due to the slant recircu-
lating vortex at 1.4 < D/H < 2.5 (D is the cavity diameter) in 
the cylindrical cavity. The curved cylindrical sidewall causes more 
diverse flow patterns. However, studies on the effects of the cylin-
drical cavity under compressible flow on heating augmentation are 
insufficient.

In the present study, experiments have been conducted to de-
termine the heat transfer characteristics of compressible flow over 
a cylindrical cavity with different diameter-to-depth (D/H) ratios. 
3D numerical simulations were also carried out to provide the 
detailed structure of cylindrical cavity flowfields and heating aug-
mentation mechanisms given that sparsely spaced discrete sensors 
cannot capture all thermal information.

2. Experimental methods

Experiments were conducted in the high-enthalpy free-jet tun-
nel (Fig. 1), in the Institute of Mechanics, Chinese Academy of 
Sciences. Chang et al. provided a detailed description of this wind 
tunnel facility [34]. The test condition is a free jet with a Mach 
number of 5.5 (supersonic condition), a total pressure of 3.2 MPa, 
and a total temperature of 1618.0 K, as shown in Table 1. The 
length of wind tunnel run time and each test duration are 10.0 
s and 4.0 s, respectively. The Schlieren image would be obtained 
through the optical windows.

The test model consists of a flat plate for a naturally developed 
turbulent boundary layer and a replaceable plate with a cylindrical 
cavity. The deflection angle of the flat plate is 16.0◦ . The center of 
the cylinder was located 260 mm along the X direction from the 
leading edge of the flat plate. Geometries of the cylindrical cavities 
are summarized in Table 2. Three cavities have a diameter D of 
10 mm (D10 for short), and three other cavities have a diameter 
of 20 mm (D20). The depth H varies from 1.0 mm to 3.0 mm. 
Thus, the D/H ranges from 3.3 to 20.0. The corresponding unit 
Reynolds number is approximately 5.66×106 per meter. Therefore, 
2

the boundary layer at the cavity region is fully turbulent, and the 
boundary-layer thickness δ is approximately 6 mm with the value 
of δ/H from 2 to 6.

Heat transfer distribution of the cavity region is measured by 
coaxial surface thermocouples (type E), with a diameter of 2.0 mm, 
provided by the State Key Laboratory of High Temperature Gas Dy-
namics (LHD), Institute of Mechanics, Chinese Academy of Sciences 
[35]. The thermocouples are set at nine points for the D20 cav-
ity (five inside and four outside) and set at five points (one inside 
and four outside) for the D10 cavity; the detailed thermocouple 
arrangement is shown in Fig. 2. The temperature history is mea-
sured by coaxial thermocouple directly, and the heat flux can be 
derived on the basis of the 1D conduction solutions in a homoge-
neous semi-infinite solid [36]. The relationship between the heat 
flux and the measured surface temperature is obtained by the fol-
lowing:

q(t) = 1√
π

√
ρck

t∫

0

dT

dτ

1√
t − τ

dτ (1)

where q is the surface heat flux; ρ , c, and k are the density, spe-
cific heat, and thermal conductivity of the material, respectively; T
is the measured surface temperature; t is time, and τ is the in-
tegral variable of time. The value of 

√
ρck is 8210 given that the 

material of the present test models is stainless steel.

3. Experimental results

3.1. Flow survey

The shock angle β on the plate leading edge is visualized using 
the shadowgraph method. On the basis of the relationship of θ −
β − M [37], we obtain the following:

tan θ = 2 cot β
Ma2∞ sin2 β − 1

Ma2∞(γ + cos 2β) + 2
(2)

The edge Mach number is approximately 3.8, as shown in Fig. 3. 
The actual values of the total temperature and total pressure are 
1618.0 K and 3.2 MPa, respectively; they differ slightly from the 
designed values in Table 1.

3.2. Thermocouple results

The wall temperature was measured with ring-distributed ther-
mocouples in Fig. 4. The point where the temperature rises the 
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Fig. 2. (a) Schematic of the arrangement of thermocouples in the cavity region, (b) photograph of the thermocouples.
Fig. 3. Spark–Schlieren photograph of a shock wave for the flat plate without the 
cylindrical cavity.

fastest was near the back edge of the cavity: thermocouple 5 for 
D10 and thermocouples 4 and 5 for D20. The point where the 
temperature rises the slowest was at the bottom of the cavity: 
thermocouple 3 for D10 and thermocouple 2 for D20. The max-
imum temperature difference reached almost 135 ◦C at t = 4 s. In 
addition, some information of spatial heating augmentation distri-
bution at the cavity bottom regions were provided by the com-
parison of D20 cases (Figs. 4(d)–(f)). The effects of heating aug-
mentation for the trailing edge of the bottom increase with the 
increase in D/H , as shown by the results of thermocouple 4. Slight 
asymmetry was found in the temperature distribution for thermo-
couples 7 and 8, most likely due to the instability of the turbulent 
cavity flow in a spanwise direction. The relations among thermo-
couples 7 and 8, thermocouple 2, and thermocouple 3 indicated 
the flow pattern changes from the closed mode to the open mode. 
A thermal equilibrium state was not achieved during the run as 
the temperature difference for all the thermocouples continues to 
increase.

3.3. Distributions of heat flux

Fig. 5 shows the surface heat flux of ring-distributed thermo-
couples. Apart from thermocouple 2 in D20 cases, most surface 
heat fluxes of the thermocouples declined slightly with the in-
crease in wall temperature. The increase in the surface heat flux of 
thermocouple 2 indicates in-plane heat conduction at the bottom 
of the solid cavity zone. The characteristics of heat flux distribu-
tion are similar to the change in wall temperature, as shown in 
Fig. 4.
3

The result of thermocouple 1 is the reference heat flux qref for 
the flat plate flow without cavity affection. The heat flux of other 
thermocouples is normalized by qref to assess the effect of heat-
ing augmentation in the cavity region. To avoid the effect of the 
change in wall temperature, data from 0.0 s to 1.0 s in Fig. 5 are 
adopted to calculate q/qref and obtain the average as the final re-
sults. Normalized surface heat flux at the center of cavity bottom 
(thermocouple 3) decreases with increasing depth of cavity from 
0.71 to 0.36 for D10 cases and from 1.32 to 0.64 for D20 cases. 
The peak heat flux appears near the back edge of the cavity (ther-
mocouple 5 for D10 and thermocouples 4 for D20), within a range 
of 60–80 kW/m2. The corresponding normalized peak value varies 
from 1.57 to 1.30 for D10 cases and from 2.04 to 1.42 for D20
cases.

Fig. 6 shows the comparison of normalized surface flux q/qref
for D20 cases. In the airflow direction, the values of thermocou-
ples 3 to 5 decrease with increasing cavity depth. This finding 
indicates that the effects of heat augmentation at the back edge 
reduce with the decrease in D/H. The q/qref of thermocouple 3 for 
D/H = 20 equals 1.32 (slightly greater than unit), illustrating that 
the mainstream flow enters the cavity and impinges on the floor. 
A typical closed cavity regime occurred in this case. The q/qref of 
thermocouple 5 for D/H = 6.67 equals 1.02 (approximate to 1), 
illustrating that the mainstream flow does not enter the cavity di-
rectly, and the effects of heat augmentation for the open cavity 
regime is limited. In the spanwise direction, the results of thermo-
couples 7 and 8 are closed, indicating symmetrical flow patterns. 
The total aero heating effects on the cavity bottom decrease with
decreasing D/H . Comparing with the normalized surface flux re-
sults with the D/H of 7.7 in Mach 6 given by reference [14] (the 
center of the cylinder bottom is approximately 0.5 and the maxi-
mum value is approximately 2.0), the orders of magnitude of the 
present results with the D/H of 6.67 and 10 are similar with them. 
This also shows the reliability of the data in the present experi-
ments.

3.4. Experimental results summary

A summary of the experimental results is shown in Table 3. 
The strength of cavity aero heating effects at different locations of 
cavity region was measured. We noticed that the effects of cavity 
heating augmentation increase with the increase in D/H . Further 
study on cavity flowfield structure and its relationships with heat-
ing augmentation is discussed in the next section by numerical 
methods.
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Fig. 4. Thermocouple temperature measurements with wind tunnel running for 4 s: (a)–(c) for cases with D = 10 mm, (d)–(f) for cases with D = 20 mm. (For interpretation 
of the colors in the figure(s), the reader is referred to the web version of this article.)
4. Further discussion with computational simulation

The numerical method is applied to analyze the 3D flow and 
heat transfer characteristics of the cylindrical cavities, which are 
difficult to observe directly in experiments. The discussion is orga-
nized in the following sequence: wall pressure distributions, flow 
structure, and heat flux distributions of the cylindrical cavity.

4.1. Computation model

The Geometries of the flat plane with a cylinder cavity and the 
computational domain are presented in Fig. 7(a). The coordinate 
4

origin is set at the intersection of the cylinder–cavity central axis 
and the flat plane surface. The X, Y, and Z coordinates correspond 
to the downstream direction, the spanwise direction, and the out-
ward normal wall direction, respectively. The flow conditions are 
based on the experiment setup in Table 1. The boundary condi-
tions include pressure far-field, nonreflection outlet, periodic in the 
spanwise directions, and no-slip isothermal wall with a constant 
value of 300 K.

The cavity flow is investigated using a density-based, cell-
centered finite volume in-house solver (called PolyXim). The solver 
has shown its robustness and high accuracy on calculating the 
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Fig. 5. Surface heat flux results with wind tunnel running for 4 s: (a)–(c) for cases with D = 10 mm, (d)–(f) for cases with D = 20 mm.
aerodynamic heating flux by several benchmark test cases [38–40]. 
The numerical results agree well with experimental data. The 
data parallel implicit method is applied for time discretization, 
and the MUSCL reconstruction scheme is used for spatial dis-

cretization. An improved Green–Gauss method is applied for the 
calculation of the gradient at the cell centroid. The SST turbu-

lence model is used. Flow unsteadiness of the present simula-

tion was negligible. Instantaneous results are given in the follow-

ing sections because of the relatively time-invariant imposed flow

conditions.
5

4.2. Validation of computational results

The computational grid is a structured grid with O-block at the 
cavity region. The first cell height in the normal wall direction is 
approximately 0.3 μm. The cells in the cavity are nearly isotropic. 
As shown in Fig. 7(b), the number of grid points inside the cavity 
for D20H2 (a × b × c × d) is 101 × 101 × 101 × 121, and the to-
tal number of grid points is approximately 10.6 million. This grid 
system is the base grid. To investigate the effects of cavity grid 
density, numerical results with a relatively coarse grid (so-called 
coarse grid: a × b × c × d = 51 × 51 × 51 × 81) and a relatively fine 
grid (so-called fine grid: a × b × c × d = 126 × 126 × 126 × 151) 
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Fig. 6. Comparison of normalized surface flux q/qref for D20 cases with different D/H values. Thermocouples 1 to 5 are assigned along the airflow direction, and thermo-
couples 7, 3, and 8 are assigned along the spanwise direction.

Table 3
Result summary for maximum temperature Tmax (◦C) at 4.0 s and average normalized surface heat flux q/qref , 
in the first second.

1 2 3 4 5 6 7 8 9

D10H1 Tmax 116.3 - 94.5 - 174.3 131.8 - - 138.6

q/qref 1 - 0.71 - 1.57 1.20 - - 1.29

D10H2 Tmax 136.3 - 109.4 - 191.1 136.6 - - 131.2

q/qref 1 - 0.67 - 1.51 0.96 - - 0.85

D10H3 Tmax 129.3 - 70.8 - 202.2 127.4 - - 131.5

q/qref 1 - 0.36 - 1.30 0.90 - - 1.02

D20H1 Tmax 171.4 67.5 164.0 201.7 182.2 168.8 138.3 119.4 166.9

q/qref 1 0.13 1.32 2.04 1.62 1.21 0.84 0.78 1.21

D20H2 Tmax 133.2 63.2 116.2 189.0 163.6 164.8 97.1 102.4 147.5

q/qref 1 0.19 0.79 1.69 1.25 1.51 0.56 0.64 1.26

D20H3 Tmax 142.1 73.7 109.7 176.0 154.4 126.3 75.4 75.9 128.5

q/qref 1 0.32 0.64 1.42 1.02 0.81 0.29 0.24 0.83

Fig. 7. (a) Geometry of computational domain, and (b) computational base grid of the cylindrical cavity region with O-block.
6



J. Wang, T. Ma, Z. Wang et al. Aerospace Science and Technology 122 (2022) 107408

Fig. 8. Comparison of heat flux distribution along the centerline of the cylindrical cavity D20H2 between numerical and experimental results.

Fig. 9. Pressure coefficient distributions along the centerline of the cylindrical cavity in airflow direction: (a) D = 10 mm, (b) D = 20 mm.
were compared. In the noncavity region, the grid scales were al-
most the same. The heat flux distributions of the base grid were 
almost the same as fine grid, whereas the results of coarse grid un-
derestimated the heat flux of the bottom surface near the trailing 
edge of the cavity. Therefore, for more reliable discussion and to 
save computational resource, all computational models are based 
on the similar grid resolution of base grid.

Numerical and experimental results along the centerline for the 
D20H2 case with base grid are compared in Fig. 8. The numerical 
heat flux results are slightly less than the thermocouple results. 
The difference between experimental and numerical results is ob-
tained from the following aspects: (1) the actual measured area of 
coaxial surface thermocouples with a diameter of 2.0 mm versus 
ideal geometric assumptions of point and line in the simulation; 
(2) heat conduction of solid models during the experiments versus 
constant wall temperature assumption of simulation; (3) the peak 
of heat flux is not located on the centerline.

4.3. Wall pressure distributions

Fig. 9 shows the wall pressure coefficient along the centerline 
of the cylindrical cavity in the airflow direction. The wall pressure 
coefficient is defined as follows:

Cp = 2
2

(
p − 1). (3)
γ Ma∞ p∞

7

Cylindrical cavity flow regimes with different D/H values are 
distinguished by referring to the summary of typical cavity floor 
distributions at subsonic speeds to supersonic speeds in Lawson 
[3]. The cavity floor distribution of D/H = 20 in Fig. 9(b) resembles 
a typically closed cavity flow. The free-stream flow separates from 
the front leading edge of the cavity and is attached to the bot-
tom floor. Therefore, adverse pressure distributions develop near 
the front wall of the cavity, and a region of high pressure devel-
ops near the aft wall. The cavity floor distributions of D/H = 3.33
and 5 in Fig. 9(a), D/H = 6.67 in Fig. 9(b) resemble a typical 
open cavity flow. The free steam bridges the cavity and impinges 
the backward-facing step. Therefore, the pressure profile for these 
cases is relatively flat, and local peaks appear near the aft wall.

Fig. 10 shows the distributions and isopleths of Cp of the bot-
tom of cylindrical cavities with different D/H values. The distribu-
tions of Cp are approximately symmetric to the centerline of the 
cylinder bottom along the airflow direction. The impingement of 
the shear layer on the aft wall causes a relatively high-value region 
of Cp near the downstream region in a comparatively wide re-
gion. The maximum value of Cp in the case of D/H = 20 is higher 
than the others. This finding suggests a stronger impingement ef-
fect with closed cavity flow. For D/H = 20, the isoline of Cp is 
approximately parallel and normal to the free stream, as shown in 
Fig. 10(d). Thus, a 2D flow pattern is found in the closed cavity. 
With increasing depth, slant reverse flow along the cylinder wall 
caused strong 3D flow characteristics. For transitional cavity flow, 
a clear profile with the horse-shoe type is shown in Figs. 10(e)(f). 
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Fig. 10. Distributions and isopleths of Cp of the bottom of cylindrical cavities with different D/H values.
The profile with the beetle-wing type is shown for open cavity 
flow in Figs. 10(a)–(c). The schematic of Cp distributions is sum-
marized in Fig. 11 for different cavity flow regimes. The Cp dis-
tributions along the centerline of cylindrical cavities in the present 
work coincide with the typical cavity floor distributions for 2D cav-
ity flow at supersonic speeds summarized in reference [3].

4.4. Flow field in the cavity

Fig. 12 shows the streamlines and Mach number distributions 
of three typical cavity flows at z/H = −1/2 and y/D = 0 sec-
tions. The surface streamlines at the symmetry section of y/D = 0
8

correspond well with the 2D cavity flow. 3D effects of the cylin-
drical geometry are investigated through the z/H = −1/2 section. 
For open cavity flow (D/H = 3.33), two pairs of vortices fulfill the 
cavity flow and symmetric about the centerline along the flow di-
rection. This finding is due to the free stream bridges over the 
open cavity. With decreasing cavity depth (D/H = 10), new sym-
metrical vortices develop near the trailing edge of the cavity. In 
this situation, the free stream is able to turn into the cavity with 
finite depth and interacts with the cavity end wall. For closed cav-
ity flow (D/H = 20), another new pair of symmetrical vortices 
develop near the leading edges; that is, the free stream can trans-
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Fig. 11. Schematic of Cp including cloud picture for semi bottom surface and distributions along the centerline: (a) open flow, (b) transitional flow, and (c) closed flow. The 
legends of cloud picture only represent relative value for respective case.

Fig. 12. Streamlines and Mach number distributions of three typical cavity flows at z/H = −1/2 and y/D = 0 sections.
form into the cavity and impinge on the floor, thereby creating an 
aft-facing step flow field.

For the transitional and closed cavities in Fig. 12, 3D forward-
facing-step vortices are constrained at finite width at both sides 
of the centerline along the flow direction. Fig. 13(a) shows a 
schematic of the flow structures induced by a semicylindrical cav-
ity. The chord length of the cylinder along the flow direction is 
defined as l, as follows:

0 ≤ l ≤ D

The upper and lower bounds of the transitional cavity regime 
are defined as l1 and l2, respectively. The value of l1 is approxi-
mately 10, and the value of l2 is approximately 14. For the closed 
cylindrical cavity regime, we have D/H > l2. On the basis of the 
geometrical features of the cylinder, with the section moving away 
from the centerline, l decreases gradually, as follows:

l1 ≤ l ≤ l2 for transitional region

0 ≤ l ≤ l1 for open flow region

In the open flow region, the free stream is unable to enter the 
cavity. Therefore, the cavity in this region only has mass inter-
change. In the transitional region, vortices develop near the trailing 
9

edge and further augmenting the heating effects. The forward-
facing-step vortices only exist in transitional and closed flow re-
gions. The relative size of open flow and transitional region de-
pends on l1/H and l2/H .

As shown in Fig. 13, flow structures are different between a 
cylindrical cavity and a rectangular cavity. With the increase of the 
width, the shallow rectangular cavity flow exists significant down-
wash [27,41] and causing a heat-augment region. Meanwhile, the 
downstream-side corners of the rectangle would cause strong lon-
gitudinal vortices (Fig. 13(b)). Different combinations of D/H and 
W /H for the rectangular cavity are complex. However, the flow 
structure caused by geometric characteristics of the rectangular 
cavity does not exist in the cylindrical cavity. On the one hand, 
the decrease of the chord length L away from the centerline in-
hibits the presence of downwash, as discussed above. On the other 
hand, due to the curved wall of the cylinder, there was no obvious 
presence of downstream longitudinal vortices.

4.5. Heat flux distributions

Fig. 14 shows the distributions and isopleths of normalized 
q/qref heat flux of the bottom of cylindrical cavities with differ-
ent D/H values. The results of heat flux correspond to the wall 
pressure distributions in Fig. 14.
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Fig. 13. (a) Schematic of the flow structures induced by a semi-cylindrical cavity, (b) flow structures induced by a semi-rectangular cavity (reproduced for reference [27,41]
with additional modification from reference [14]).
For the closed cavity case of D/H = 20, as shown in Fig. 14(d), 
the wall pressure coefficient becomes maximum. The maximum 
heat transfer coefficient is over five times the value of qref at 
the trailing edge of the circular cylindrical surface of the cavity. 
The heat flux coefficient at the downstream edge of the bottom 
is approximately 3.05 times the value of qref. The hot regions are 
symmetrically distributed about the centerlines (located at approx-
imately 150◦/210◦). This condition results from the slant recircu-
lating eddy along the cavity circular wall. This comes from the fact 
that the main part of the flow entering the cavity and blocking 
the backflow along the centreline. The heat transfer coefficient be-
comes minimum at the low-pressure area (near the upstream edge 
of the bottom) with a shape of a slim crescent. The variation of the 
local heat transfer coefficient is comparatively gradual. This phe-
nomenon corresponds well to the Cp profile (Fig. 10(d)).

With increasing cavity depth, the local value of heat flux re-
markably decreases. The hot region expands toward the center of 
the circle bottom. This comes from the fact that the mainstream 
does not impinge the bottom directly, as shown in Figs. 14(a)(e), 
the complex unstable flow structures for the transitional cavity 
cause the irregular heat-affected zones.

For the open cavity case of D/H = 3.33, as shown in Fig. 14(c), 
the heat flux coefficient at the downstream edge of the bottom is 
approximately 1.73 times the value of qref. The maximum heat aug-
ment effects are lower than that of closed cavity. Since the main-
stream flow bridges the cylindrical cavity and no obvious slant 
recirculating eddy exists, the width of the hot region for the open 
cavity is shorter than that of the closed cavity. This phenomenon 
also corresponds well to the Cp profile (Fig. 10(c)). Flow structure 
10
and Cp distribution are the basis for analyzing heat transfer char-
acteristics.

5. Conclusion

In this study, the flow structures and heat transfer charac-
teristics of Mach 5.5 compressible flow over three-dimensional 
cylindrical cavities are investigated through both experimental and 
numerical methods. The main conclusions can be summarized as 
follows:

(1) Generally, the cylindrical cavity flow patterns are symmetrical 
about the centerline along the flow direction, and slant reverse 
flow along the cylinder wall causes strong three-dimensional 
flow characteristics. Moreover, the flow structures of the cylin-
der cavity depend on not only the ratio of diameter to depth 
D/H but also the ratio of local chord length to depth l/H. 
Therefore, for a closed cylindrical cavity flow, symmetrical 
open flow regions can be also observed at spanwise sides far 
away from the centerline.

(2) The pressure distributions on the bottom of cylindrical cavities 
vary with different cavity regimes. For the closed flow, adverse 
pressure distributions develop near the front wall, and a region 
of high pressure develops near the aft wall. For the open flow, 
the pressure profile is relatively flat, and local peaks appear 
near the aft wall. Moreover, the pressure isoline is approxi-
mately parallel and normal to the free stream in the closed 
flow. And the pressure profiles would take on a beetle-wing 
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Fig. 14. Distributions and isopleths of q/qref of the bottom of cylindrical cavities with different D/H values.
shape and a horse-shoe shape in the open and transitional 
flows, respectively.

(3) High-speed flows over the cylindrical cavity would produce re-
markably local heat augments. The heating augmentation is 
significant near the trailing edge of the cavity and distributed 
in a finite width along the spanwise direction. Quantitatively, 
the peak value of cavity induced heat flux is from approxi-
mately 1.5 to over 3 times compared with that in flat regions, 
and the heating augmentation decreases with the decrease in 
D/H.

To sum up, the details of three-dimensional cylindrical cav-
ity flows are carefully revealed in this paper, which enriches the 
understanding of the cavity flow regimes under high-speed com-
pressible airflow. In future work, more accurate heat flow measure-
11
ments should be developed to confirm these initial findings in this 
study.
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