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Abstract A coupled supersonic inlet-fan Navier–Stokes simulation method was developed by

using COMSOL-CFD code. The flow turning, pressure rise and loss effects across blade rows of

the fan and the inlet-fan interactions were taken into account as source terms of the governing equa-

tions without a blade geometry by a body force model. In this model, viscous effects in blade pas-

sages can also be calculated directly, which include the exchange of momentum between fluids and

detailed viscous flow close to walls. NASA Rotor 37 compressor test rig was used to validate the

ability of the body force model to estimate the real performance of blade rows. Calculated pressure

ratio characteristics and the distribution of the total pressure, total temperature, and swirl angle in

the span direction agreed well with experimental and numerical data. It is shown that the body force

model is a promising approach for predicting the flow field of the turbomachinery. Then, coupled

axisymmetric mixed compression supersonic inlet-fan simulations were conducted at Mach number

2.8 operating conditions. The analysis includes coupled steady-state performance, and effects of the

fan on the inlet. The results indicate that the coupled simulation method is capable of simulating

behavior of the supersonic inlet-fan system.
� 2017 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/).

22

231. Introduction

24Over the last decades, Computational Fluid Dynamics (CFD)
25has been well developed, which can accurately simulate the
26flow field of the turbomachinery and revolutionize the
27aerodynamic design process of propulsion system components.
28Full annulus multi-row unsteady calculations through the
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29 turbomachinery subject to non-axisymmetric flow can be cal-
30 culated directly to resolve effects of separations close to the
31 walls on the compressor characteristic, which in some cases
32 is the center of concern. For instance, the Hybrid Wing-
33 Body (HWB) aircraft is extremely concerned lately, which is
34 an alternative concept for the conventional tube-and-wing air-
35 craft.1 In the design process, it involves coupled calculations of
36 the inlet and full-annulus fan blades, and it is important to
37 include the effect of fan blades on the inlet and nozzle design.
38 A direct coupling of the inlet and full-annulus fan blades in the
39 computational domain is more realistic and accurate for the
40 inlet-fan interaction, but the demand for the computer
41 resources is prohibitively large, including the memory and
42 the CPU time, and more than tens of flow simulations are usu-
43 ally required.2 To save the computer resources, some CFD
44 studies were conducted using conventional uniform-back-
45 pressure boundary condition at the fan face to simulate flow
46 for propulsion-airframe integration problems.3–5 However,
47 for integration problems with highly distorted flows at the
48 fan faces, the assumption of uniform static pressure may not
49 be valid. By implementing an actuator disk with a Navier–
50 Stokes code, it is possible to simulate the flow field through
51 fan blades without the actual blade geometry.6 However, based
52 on the two-dimensional assumption, the actuator disk model
53 does not include the effect of swirl and requires the total pres-
54 sure and total temperature change across the fan as input
55 terms. Recently, the passage averaged body force model has
56 been an alternative to simulating the effect of blockage, swirl,
57 and suction due to fan blades with reasonable computing
58 costs.7–9 This approach uses body force terms to model flow
59 turning and loss due to rotor/stator blade rows. The body
60 force terms, extracted from single-passage Navier-Stokes flow
61 simulation results or experimental test data, were added as
62 source terms in the flow equations for grid cells swept by blade
63 rows. The body force approach allows relatively accurate flow
64 simulations of inlet-fan interaction problems without actual
65 full-annulus simulation of the rotor/stator geometry. Xu10

66 developed a viscous body force model, which extracted viscous
67 body forces as source terms form unsteady Reynolds Averaged
68 Navier-Stokes (RANS) solutions and directly solved Euler
69 equations through blade passages. Chima11 introduced a
70 three-dimensional unsteady CFD code called CSTALL to
71 solve the Euler equations through the entire annulus and all
72 blade rows. And two computational fluid dynamics codes have
73 been merged to permit rapid calculations of subsonic inlet-fan
74 interaction.7,12 However, It needed a third code called SYN-
75 CEX to handle data communication, storage, and synchro-
76 nization. So, this method made it relatively complicated for
77 the data transfer between CFD codes. In addition, it was also
78 inconvenient to generate complicated geometry and mesh for
79 subsonic inlet-fan calculations.
80 In the present study, a coupled supersonic inlet-fan Navier–
81 Stokes simulation method was developed using COMSOL–
82 CFD code. The COMSOL Multi-physics software environ-
83 ment is capable of facilitating all steps in the modeling and
84 simulation processes from part defining, feature based meshing
85 to visualization and solution analysis. The inlet and fan could
86 been simulated simultaneously by different COMSOL mod-
87 ules, and the data transfer at each grid point of the inlet-fan
88 interface was completed more easily by the form of boundary
89 conditions than the SYNCEX code.7,12 A three-dimensional

90body force model, in which viscous effects on the exchange
91of momentum between fluids and detailed viscous flow close
92to walls in blade passages can be calculated directly, was
93installed into the Navier–Stokes code of the COMSOL-CFD
94to simulate blade rows without specifying blade geometry.
95The governing equations for flow were written in non-
96conservative form in Cartesian coordinates with body forces
97as source terms on the right-hand side. Because the body force
98only changed the size of the mechanical energy with nothing
99on the size of the internal energy, the energy equation was writ-
100ten in the internal form. And coupled axisymmetric mixed
101compression supersonic inlet-fan simulations were conducted
102under Mach number 2.8 operating conditions, which were sim-
103ulated by the High Mach Number Flow (HMNF) module of
104COMSOL Multi-physics.
105The remainder of this paper is organized as follows. Sec-
106tion 2 describes formulation of the present body force
107approach. Section 3 presents numerical approaches for simu-
108lating flow, including flow solvers, mesh generation method,
109and boundary conditions. Section 4 presents validation results
110of the HMNF module for supersonic flows and the present
111body force model and coupled supersonic inlet-fan simula-
112tions. Finally, Section 5 provides the summary and
113conclusions.

1142. Body force model

1152.1. Governing equations

116Based on the COMSOL-CFD code, the governing equations
117were written in non-conservative form in Cartesian coordi-
118nates with body forces as source terms on the right-hand side.
119And, viscous effects on the exchange of momentum between
120fluids and detailed viscous flow close to walls in blade passages
121were considered directly by viscous terms of governing equa-
122tions as follows.
123
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; t is time; x; y; z

127are the three directions of Cartesian coordinate; q is density;
128p is pressure; V is the velocity vector and Viði ¼ x; y; zÞ are
129the three components of velocity along x axis, y axis and z axis;
130sijði; j ¼ x; y; zÞ are the nine components of shear stress in
131Cartesian coordinate; k is the thermal conductivity; e is total
132energy; T is temperature; b is the blockage factor; U is the total
133body force.
134Some of the variables in Eq. (1) are obtained by following
135formulas:
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