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Calculation results of turbulent flows in the vicinity of axisymmetric configurations of the cylinderflare type for Mach numbers M = 3, 5, and 7 are presented. The calculations are performed for
conditions of real physical experiments. The mathematical model is based on the averaged Navier–
Stokes equations supplemented by the Wilcox turbulence model. The calculated and experimental
distributions of pressure on the body surface, velocity fields, and heat-transfer coefficients are compared.

Introduction. The possibilities of predicting the properties of axisymmetric flows in the vicinity of a
cylinder-flare configuration for Mach numbers M = 3, 5, and 7 by means of the turbulence model and computational
method previously used to calculate plane supersonic flows [1, 2] and a cone–flare configuration are analyzed [3]. The
calculations of the cylinder-flare configuration are performed for conditions of real physical experiments suggested
as AGARD test cases. Knight and Degrez [4] reported that only one variant of turbulent flow was calculated.
The calculated results presented in [4] for distributions of pressure and Stanton number along the model surface
for M = 5 are not in very good agreement with experimental data, in particular, the separation-region length is
underestimated in calculations. In the present work, we consider most of the two-dimensional turbulent test flows
and make an attempt to describe them within the framework of a single model of turbulence and computation
method.
Flow Pattern and Main Parameters. Figure 1 shows the flow pattern in the vicinity of the cylinderflare configuration for the case where the shock wave is capable of separating the boundary layer developing on the
cylinder surface (α is the flare angle determining, together with the free-stream Mach number, the possibility of
flow separation).
The test conditions for which the present calculations were performed are listed in Table 1 (T0 is the
stagnation temperature, Re1 is the unit Reynolds number, and δ is the boundary-layer thickness on the cylinder
surface ahead of the interaction region).
Basic Equations and Numerical Algorithm. The main mathematical model used in the present work
is the system of Favre-averaged full Navier–Stokes equations, which describe the motion of a viscous compressible
heat-conducting gas. To close the averaged equations, we used the two-parameter k–ω turbulence model proposed
by Wilcox [5, 6]. A detailed description of the mathematical model can be found in [3].
The steady solution of the system of differential equations was found by the pseudo-transient method on
the basis of an implicit four-step finite-difference system of the unified-algorithm type [7] with the use of splitting
with respect to physical processes and spatial variables. The Navier–Stokes equations were solved first, and then
turbulent quantities were determined for the calculated gas-dynamic parameters from the differential equations of
the turbulence model. The TVD approach based on the method of flux-vector splitting with respect to physical
processes [7] and the van Leer flux-vector splitting method [8] were used.
The computational domain is bounded by the body surface from below and by the upper, input, and output
sections from above, on the left, and on the right, respectively, which are located rather far from the interaction
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Fig. 1. Flow pattern: 1) boundary-layer edge; 2) separation shock; 3) reattachment shock; 4) main shock wave; 5) separation region; 6) expansion fan
emanating from the triple point of the λ-configuration; the points of flow separation and reattachment are indicated by the letters S and R.

TABLE 1
Variant No.
1
2
3
4
5

M
2.85
5.00
7.05
7.05
7.05

Re1 , 1/m
107

1.60 ·
4.41 · 107
5.66 · 106
5.66 · 106
5.66 · 106

α, deg

T0 , K

δ, mm

Flow regime

30
35
20
30
35

265
500
890
890
890

11.0
2.5
2.5
2.5
2.5

Separated
Separated
Attached
Separated
Separated

region. No-slip conditions were imposed for velocity on the cylinder surface, and the absence of heat fluxes or
a constant temperature were set depending on conditions of a particular problem. Nonreflecting “simple” wave
conditions were imposed at the upper boundary, which ensured free outflow from the computational domain. Since
all cases considered were supersonic, the so-called soft conditions for all calculation parameters were used in the
output cross section. The free-stream parameters were set in the external region of the input cross section, and
profiles of all calculation parameters obtained by solving simplified equations for the turbulent boundary layer and
matching available experimental data in terms of the skin-friction coefficient and integral values were prescribed in
the near-wall region.
A regular computational grid condensing toward the surface was used. In most calculations, the grid contained 250 nodes in the streamwise direction and 100 nodes in the normal-to-wall direction. To study grid convergence, some variants were calculated using grids with 125 × 100, 500 × 100, and 250 × 200 nodes. For each
calculated case, the mandatory condition was that several grid nodes in the radial direction were located in the
laminar sublayer.
A detailed description of the numerical algorithm can be found in [9]. This method yielded good results in
numerical simulation of supersonic turbulent separated flows in the vicinity of plane configurations [1, 2].
Calculation Results. The calculation results were compared with experimental data in terms of all flow parameters available in the experimental database: pressure and heat-transfer distributions and pressure and velocity
profiles.
The experimental and calculated pressure distributions for variant No. 1 (see Table 1) are compared in
Fig. 2 (Pw1 is the pressure ahead of the interaction region). The calculations were performed with the use of the
method of splitting with regard to physical processes [7] and van Leer method [8]. It follows from Fig. 2 that both
methods correctly predict the distance where the pressure increase begins but underestimate the pressure behind
the interaction region. The reason may be a more downstream position of the reattachment point in calculations
as compared to the experiment.
Figure 3 shows the calculated and experimental mean-velocity profiles for variant No. 1. It follows from
Fig. 3 that reattachment in calculations occurs more downstream than in the experiment. It should be noted that
the calculation results obtained by the method of [7] are in better agreement with experimental data in regions of
flow separation and reattachment.
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Fig. 2. Experimental (points) and calculated (curves) static pressure distributions over the surface
for variant No. 1: curves 1 and 2 refer to calculations by the schemes of [7] and [8], respectively.

Fig. 3. Experimental (points) and calculated (curves) mean-velocity profiles for variant No. 1 for
x = −2.5 (a), −0.5 (b), 0.88 (c), and 3.98 cm (d): curves 1 and 2 refer to calculations by the
schemes of [7] and [8], respectively.

Figure 4 shows the calculated and experimental distributions of pressure and Stanton numbers on the body
surface for variant No. 2. The agreement in terms of the separation-region length and maximum pressures behind the
shock waves should be noted. The calculations reproduce the position and intensity of expansion waves emanating
from the triple point of the λ-configuration. Nevertheless, these waves produce a stronger decrease in heat fluxes
as compared to the experiment (Fig. 4b).
The possibility of separated flow controlling by means of the temperature factor follows from Fig. 5, which
shows the distributions of static pressure and skin-friction coefficient on the body surface for variant No. 2. The
wall temperature was varied in calculations. The value Tw = 380 K is close to the adiabatic temperature. It follows
from Fig. 5 that a decrease in temperature reduces the separation region and alters the skin-friction coefficient Cf
behind the reattachment point.
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Fig. 4. Calculated (curves) and experimental (points) distributions of pressure (a) and Stanton
numbers (b) on the model surface for variant No. 2.

Fig. 5. Distributions of static pressure (a) and skin friction (b) on the body surface for variant No. 2
for Tw = 300 (curve 1), 360 (curve 2), and 380 K (curve 3).
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Fig. 6. Calculated (curves) and experimental (points) distributions of pressure (a) and heat-transfer
coefficients (b) for variant Nos. 3 (1), 4 (2), and 5 (3).

Fig. 7. Calculated dependence Cf (x) for variant Nos. 3 (1), 4 (2), and 5 (3).

Evolution of the separated flow with increasing angle of the flare for M = 7 was also considered. The
method of splitting with respect to physical processes was used in calculations. The calculation results for variant
Nos. 3–5 (see Table 1) are plotted in Figs. 6 and 7. In variant No. 3 (α = 20◦ ), an attached flow was registered
in the experiment. The calculated values of the skin-friction coefficient become negative only in the vicinity of
the point x = 0, and the pressure distribution has no typical plateau formed above the separation region. An
increase in the flare angle up to 30◦ leads to the growth of the separation region (see Fig. 7). In variant No. 5
(α = 35◦ ), a considerable separation region appears in the region x = (−3)–1 cm. A typical plateau is observed
in the pressure distribution because of the presence of the separation region. For variant Nos. 3–5, the calculation
results in the region behind the shock wave are in good agreement with experimental data. Behind the interaction
region, however, there is some difference (approximately 10%). In this calculation variant, as in variant No. 2,
expansion waves incident onto the surface from the triple point of the λ-configuration are obtained in the region
x = 4–8 cm. Such intense expansion waves were not observed in the experiment. In this case, flow reattachment
in calculations occurs later than in the experiments. The drawback of the numerical solution for variant No. 5 is
also a more intense increase in pressure and heat-transfer intensity in the reattachment region. The reason for this
disagreement may be the underestimated values of turbulent viscosity in the interaction region in calculations or
the neglect of nonequilibrium chemical processes in hypersonic flows.
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Conclusions. The calculations of supersonic and hypersonic flows around a cylinder-flare configuration
show that the chosen computational algorithm and turbulence model allow obtaining good agreement of calculated
and experimental data for axisymmetric flows with various Mach numbers. Rather good agreement of calculated and
experimental results is observed in using the Wilcox turbulence model without corrections for the compressibility
effect up to M = 7. The temperature factor is shown to exert a significant effect on evolution of the separated flow.
The difference in calculated and experimental data in some regions can be attributed to the imperfect
computational method and turbulence model. By an example of variant No. 1, it is shown that two methods for
inviscid-flow approximation used yield different positions of flow separation and reattachment points. The lower
(as compared to the experiment) heat-transfer intensity in expansion waves in variant No. 2 can be explained by
a greater decrease in the level of turbulent fluctuations in expansion waves emanating from the triple point of
the λ-configuration. A similar effect was observed in calculating flows near steps [2]. In addition, the differences
may be caused by the absence of information on boundary-layer parameters upstream of interaction, such as the
integral boundary-layer thicknesses and skin-friction coefficient, which exert a significant effect on the formation
of the separation region of the turbulent boundary layer and are necessary for defining the profiles of turbulent
parameters in the input cross section of the computational domain. Since these data are absent for some cases in
the database used, arbitrary values were used for these parameter in calculations. The calculations also ignored
some physical features essential for flows with boundary-layer separation, in particular, flow unsteadiness, which is
difficult to take into account in the pseudo-transient method, and external turbulence level.
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