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Numerical Analysis and Experimental Validation of a
Submerged Inlet on the Plane Surface

SUN Shu, GUO Rong-wei
(Internal Flow Research Center, N anjing University
Aeronautics and A stronautics, Nanjing 210016, China)

Abstract:  In order to get a deep insight of a submerged inlet on the plane surface, the integrated flow
field of the inlet and fuselage has been numerically studied. The investigation & mainly focused on the
formation of the total pressure distribution at the exit of the inlet, the structure of the inner flow and the
effects of the boundary layer along the fuselage on the performance of the inlet. Moreover, in comparison
with the experimental data at different angles of attack, yaws and mass flow ratios, the reliabilities of
the computational fluid dynamics(CFD) studied are verified. Results indicate: (1) the CFD results agree
well with the experiment results and the relative errors of the total pressure coefficient is less than 1% ;
(2) at the inlet’ s exit, the contour of total pressure obtained by CFD is similar to the experiment result
except the contour in the low total pressure zone in CFD is slightly larger; (3) the secondary flow at the
cross section behave as two counter rotating vortices. Along the flow direction, the fields influenced by
the vortex pair transport dow nstream and expand to the whole section at the exit; (4) the total pressure
loss at the exit of the submerged inlet can be divided into external loss and internalloss. Usually, the ex
ternal loss is greater than the internal loss, and both decrease with the augment of the Mach number at
the exit. In addition, when the angle of attack ranges from — 7 to §, the total pressure coefficient as
cends gradualy, due tothe reduction of the external loss caused by the less boundary layer flow captured
and the invsible change of the internal loss.
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Having advantageous geometrical characteris tics, a submerged (also known as flush mounted)
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inlet has received considerable attention. T his type
of inlet is superior to fuselage nose or wing leading
edge inlet in the following respects: (1) short ir
ternal ducting bends with a saving in weight, (2)
less external drag, (3) minimization of foreign obr
ject damage, (4) low observability characteristics.
T hus, in the early forties of the 20th century, re
search studies were initiated for the so called
NACA submerged inlet. This preliminary study
was pursued by detailed investigations mainly on
the design and experiment of the inlet!™!. Howev
er, the revealment for the complex phenomena of
the submerged inlet is restricted with the current
conditions of windtunnel experiments and mea
surements.

Recently, with the development of the comr
puter technology, the Computational Fluid Dynam-
ics(CFD) is employed for the submerged inlet.
Some numerical analyses and a design optimization
study are conducted on the submerged inlet with

%121 Byt little work was done on

round fuselage!
the internal flow structure and air- admission mechr
anism, and let alone the wind-tunnel experimental
validation of CFD results at high subsonic.

In order to get a deep insight of a submerged
inlet on the plane surface, the integrated flow field
of the inlet and fuselage is numerically studied.
T he investigation is mainly focused on the forma
tion of the total pressure distribution at the exit of
the inlet, the structure of the mner flow and the
effects of the boundary layer along the fuselage on
the performance of the inlet. Moreover, in com-
parison with the experimental data at different ar

gles of attack, yaws and mass flow ratios, the relr

abilities of the CFD studied are verified.
1  Numerical Approach

1.1 Inlet and fuselage

A drawing of the fuselage and the submerged
inlet can be seen in Fig. 1. The inlet is placed at
the aft part of the fuselage which is of trapezoid
cross section. The distance from the apex of the
fuselage to the fore lip of the diffuser is 12D,

where D is the diameter of the inlet’ s exit. As

shown in Fig. 1, the total length of the inlet is
4.5D and the offset is 0. 87D which is the distance
between the central point of the exit and the ab-
domen plane of the fuselage. In addition, a trape-

zoidt like entrance of the inlet with side edge angle
of 7.515 is adopted in the sduty.
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Fig.1 Sketch of the inlet

1.2 Flow domain and boundary

The flow domain is split into two parts,
namely, the fuselage zone and the channel zone. In
order to eliminate the effects of boundary condition
on the CFD results, a large column flow domain,
with 20D in diameter and 30D in length, is chosen
and the channel zone is extruded 2D at the actual
exit of the inlet. Furthermore, the fuselage zone is
solved using free stream condition at the entrance
plane, anaslip adiabatic boundary condition at the
solid wall and subsonic outflow conditions with
specified back pressure equal to the free stream val-
ue at the exit plane. In the computational process
the solution obtained from the fuselage zone is used
as an inflow boundary condition for the channel
zone for which a back pressure is specified at the
exit of the diffuser.
1.3 Grid generation

T he grid topology used for the computations
contains 21 blocks, which match completely each
other and compose the complex flow domain, and
the total number of grid points is approximately
900 000. A close up view of the surface grids
around the entrance of the inlet is shown in Fig. 2
(a) and also a side view of grids on the symmetry
plane is presented in Fig. 2(b). It is found that
clustering near the wall region and the channel zone
is done by specifying the first cell height and the
stretching ratio.
1.4 Flow solver

U tilizing a finite volume spatial discretization
in which the state variables are stored at the cell

center, the flow solver solves the Reynolds averag
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(a) Surface grids around the entrance of the inlet
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(b) Grids of the symmetry plane
Fig. 2 Grids of the submerged inlet on the plane surface

ed compressible time dependent Navier Stokes e
quations in three dimensions. In the com putations,
the inviscid flux scheme is Roe’ s Method and
M USCL approach is used for variable extrapola
tion. Turbulence is modeled by the k- € equa
tions. A steady state solution is obtained by the

Gauss Seidel relaxation scheme.

2 Numerical Analysis and
Experimental V alidation

In order to get a good knowledge of the flow
characteristics of the submerged inlet on the plane
surface, the numerical study is performed, of
which the results are validated by the experimental
data at different angles of attack, yaw and mass
flow ratio.

2.1 Total pressure recovery coefficient at differ
ent Mach number at the exit

U nlike pitot inlet or S shaped inlet' '

, the
capture area of the submerged inlet is difficult to be
determined. T herefore, the Mach number at the

exit is used instead of the mass flow ratio in the
analysis. Fig.3 presents the total pressure recovery
coefficient O versus the M ach number at the exit.
It can be noted that the CFD and experimental val-
ues match reasonably well, except at the high
Mach number where the relative errors reach 1%.
Additionally, the trend of the total pressure recov-
ery with the exit Mach number is explained by
Fig. 4, in which at the lower mass flow ratio
(Ma= 0.33) more low energy flow near the fuse-
lage enters the inlet relative to the total mass flow

captured.
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Fig. 3

Total pressure recovery coefficient versus Mach

number at the exit

(b) Mach number 0.33 at the exit

Fig. 4 Entering high energy flow at different Mach

number at the exit

2.2 Total pressure recovery coefficient at differ-
ent angles of attack

Fig.5 demonstrates the variation of total pres-
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sure recovery coefficient O with angles of attack a
that range from — 2° to 8. As shown in Fig. 5,
the CFD result agrees well with the experimental
data and the maximum difference is less than 0. 01.
M oreover, it can be observed that with the ascent
of the incidence 0 goes up and reaches over 0. 95 at
a= 8 . This tendency is interpreted as follows: on
the one hand, with the angle of attack rising, the
entrance of the submerged inlet is exposed to free
stream more and more, resulting in more main flow
captured and thereby the increase of total pressure
recovery coefficient. On the other hand, in the
case of high incidence, the counterrotating vortex
pair developed by the up-wash flow around the
fuselage sweeps away part of the boundary flow in
front of the inlet which is pictured in Fig. 6, also

causing the augment of O.
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Fig.5 Tota pressure recovery coefficient versus

angle of attack

(b) Streamlines at a= &

Fig.6 Streamlinesreleased from the fuselage at different

angles of attack

2.3 Effects of yaw on the total pressure recovery
coefficient

T he effects of yaw B on total pressure recovery
coefficient O are displayed in Fig. 7. When yaw is
increased to 2, the total pressure recovery coeffo-
coent O achieves the highest value. It may be due
to the reduction of the developing length of the
boundary layer along the surface of the fuselage at
yaw. As the yaw continues to move up to 6°, O de-
creases to less than 0. 91 because flow separation

occurs at the lee side of the diffuser.
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Fig. 7 Total pressure recovery versus yaw

2.4 Total pressure contours

Fig. 8 illustrates the total pressure recovery
coefficient distribution at the exit of the inlet.
Comparing the experiment with the computation,
reasonable agreement can be seen in the high total
pressure region at the upper part of the plot. Also,
the maximum total pressure value and the total
pressure range in the two contours are in very good
agreement. Whereas, the size of the low total pres-
sure region is a little larger in computation, which
is subject to further investigation. The reason for
the formation of low total pressure region at the ex-
it is evident from the streamlines (Fig. 9). The
boundary flow which is driven by the transverse
pressure gradient and the secondary flow, thicken-
ing along the channel, is swept to the bottom of
the diffuser yielding the low total pressure region at

the exit.
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Experimental results CFD results
Fig.8 Contours of total pressure recovery at the exit of

the inlet

Fig.9

Formation of the total pressure distributions at

the exit of the inlet

2.5 Stucture of internal flow

T he static pressure coefficient distribution and
the velocity vector around the entrance on the sym-
metry plane are exhibited in Fig. 10. It can be ir
ferred that the pressure gradient perpendicular to
the freestream caused by the low static pressure at
the fore lip forces the coming flow to enter the imr

let.

I
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Fig. 10

Distributions of the static pressure coefficient

and the velocity vector at the entrance of the

inlet

A clear picture of the internal flow is shown in
Fig. 11, where the development of secondary flow
vectors along the duct is displayed. At the en-

. . [ 15, 16]
trance, a counterrotating vortex pamr

origr
nated from side edge angle of 7. 5 induces a dow n-
ward velocity component which draws more and
more main flow into the diffuser along the flow dir
rection. As the flow goes downstream into the
duct, another counter-rotating vortex pair due to
the duct curvature strengthens the swirl motion
created before, expands the fields of the secondary
flow to the whole section at the exit. Consequent-
ly, the strong vortex pair occupies the bottom of
the exit which is the deficit of the total pressure re-

covery( Fig. 8).

- 100m/s

Fig. 11 Development of the secondary flow in the duct

In general, the pressure gradient perpendicu-
lar to the freestream at the fore lip and the counter
rotating vortex pair are the main impetus that in-
hale the main flow into the submerged inlet.

2.6 Effects of the boundary layer along the fuse
lage

For adeep study of the effects of the boundary
layer along the fuselage on the aerodynamic perfor
mance of the submerged inlet on the plane surface,
the total pressure recovery coefficient at the exit
can be divided into the external total pressure re-
covery coefficient O; which reflects the loss from
the boundary layer of the fuselage, and the internal

total pressure recovery coefficient 02 which repre
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sents the loss inside the duct. Inthe study, 0; and
0, are defined as follows

o= P /Pg (1)

o= P2/P (2)
where, Pg is the total pressure of freestream
marked G0 in Fig. 1; P71 is the total pressure of
the flow at the entrance, and P> is the total pres
sure at the exit. It is obvious that the total pressure
recovery coefficient of the inlet is the product of 0
and 0.

Fig. 12 presents the total pressure recovery co-
efficients 0y, 0y and O as a function of the Mach
number at the exit. It is not difficult to find that
Oris lower than 0y, in that words, the total pres
sure loss as a result of boundary layer along the
fuselage is greater than that from the flow mixing,
the adverse pressure gradient and the friction in the
duct. Also, it can be noted that with the enhance
ment of the M ach number at the exit, 0; and 0,
both rise. For the case of 0;, when the Me ir
creases, less boundary flow relative to the total
mass flow capture enters the inlet ( referring to
Fig.4) which leads to the decline in the external
total pressure loss. For the case of 0, despite the
greater friction loss of the internal flow, a higher
M e reduces the loss created by the adverse pressure
gradient, so that when M; varies from 0. 318 to
0. 424 and M correspondingly changes from 0. 727

to 0. 690 the internal total pressure loss decreases.
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Fig. 12 04,05 and O versus Mach number at the exit

Fig. 13, in which O; increases and 0, keeps
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Fig. 13 0y, 0yand O versus angle of attack

stable, suggests that with the angle of attack vary-
ing from — 2° to 8 the boundary layer along the
fuselage plays a leading role in the total pressure
loss of the inlet. The interpretation can be given
from two aspects. When the incidence goes up,
less boundary layer developed by the fuselage is in-
volved into the duct shown in Fig. 6, resulting in
the drop of the external total pressure loss. Fur
thermore, at the same M, with the variation of
the incidence M | maintains the value of 0. 72 or so,
which implies that no obvious change is brought to
the structure of internal flow and adverse pressure
gradient of the duct, hence the internal total pres-
sure loss remains almost constant.

In aword, the boundary layer along the fuse
lage possess a high portion of the total loss of the
inlet and attaches great importance to the aerody-
namic performance of the submerged inlet on the

plane surface.

3  Condusions

By numerical analysis and experimental valida-
tion of the submerged inlet on the plane surface,
some conclusions can be reached as follows:

(1) The CFD results agree well with the ex-
perimental results and the relative errors of the to-
tal pressure recovery coefficient is less than 1%.

(2) At the inlet’ s exit, the contour of total
pressure recovery obtained by CFD is similar to
that obtained by the experiment except the low to-
tal pressure zone in CFD is slightly larger.
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(3) The secondary flow at the cross sections
behaves as two counter rotating vortices. Along the
flow direction, the fields influenced by the vortex
pair transport dow nstream and expand to the whole
section at the exit.

(4) The total pressure loss at the exit of the
submerged inlet can be divided into external loss
and internal loss. Usually, the external loss is
greater than the internal loss, and both decrease
with the augment of the M ach number at the exit.
In addition, when the angle of attack ranges from
- 2° to &, the total pressure recovery coefficient
ascends gradually, due to the reduction of the ex
ternal loss caused by less boundary layer flow cap
tured and the invisible change of the internal loss.
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