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a b s t r a c t 

Flow around a real-life underwater vehicle often happens at a high Reynolds number with flow structures 

at different scales from the boundary layer around a blade to that around the hull. This poses a great 

challenge for large-eddy simulation of an underwater vehicle aiming at resolving all relevant flow scales. 

In this work, we propose to model the hull with appendages using the immersed boundary method, and 

model the propeller using the actuator disk model without resolving the geometry of the blade. The pro- 

posed method is then applied to simulate the flow around Defense Advanced Research Projects Agency 

(DARPA) suboff. An overall acceptable agreement is obtained for the pressure and friction coefficients. 

Complex flow features are observed in the near wake of suboff. In the far wake, the core region is fea- 

tured by a jet because of the actuator disk, surrounded by an annular region with velocity deficit due to 

the body of suboff. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and 

Applied Mechanics. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Flows around the sterns of ships and underwater vehicles are 

omplicated, with unsteady separations caused by the pressure 

radients and the hull curvature, and are featured by flow struc- 

ures at different scales from small protrusions on the surface, to 

ropeller blade and the hull. The computational demand is ex- 

remely high for directly simulating all relevant scales. In this 

ork, we propose to simulate the flow over the hull with ap- 

endages using the immersed boundary method, and model the 

ropeller using the actuator disk model, respectively, and apply the 

roposed method to Defense Advanced Research Projects Agency 

DARPA) suboff. 

DARPA suboff is a standard model for investigating the hydro- 

ynamics of underwater vehicles. Measurements on the flow over 

he suboff or suboff-like body have been carried out in the litera- 

ure, for instance, the experiments by Huang et al. [1] and Jiménez 

t al. [2,3] , which provide useful dataset for validating computa- 

ional models. Numerical simulations of suboff have also been car- 

ied out in the literature [4,5] . Kumar and Mahesh [6] employed 

all-resolved large-eddy simulation (WRLES) to simulate the flow 

ver the bare hull of suboff. Posa and Balaras [7] carried out WR- 

ES of the suboff with appendages, and observed a bimodal be- 
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aviour for the turbulent stresses in the wake. Often the Reynolds 

umber, which can be feasible for WRLES, is relatively low. Posa 

nd Balaras [8] further examined the Reynolds number effects for 

uboff, found that the growth of boundary layer thickness is al- 

ost independent of the Reynolds number. To alleviate the grid 

esolution requirement near the surface, wall-modelled LES (WM- 

ES) can be employed. Alin et al. [9] reviewed the WMLES, de- 

ached eddy simulation (DES) and Reynolds-averaged Navier-Stokes 

RANS) for simulating the flow around the suboff with and without 

ppendages. Liefvendahl and Fureby [10] reviewed the grid reso- 

ution requirements for WRLES and WMLES of ship hull hydrody- 

amics, and indicated that WMLES is the only feasible way for full- 

cale simulations. Grid generation is another challenge for simulat- 

ng suboff with appendages and propeller. The immersed boundary 

IB) method based on non-boundary-conforming grids can easily 

eal with complex geometries [11–13] . Simulation of suboff using 

he IB method can be found in the work by Shi et al. [14] . 

The suboff is often simulated without a propeller. In the litera- 

ure, the flow over a propeller has been simulated with different fi- 

elity. Kumar and Mahesh [15] simulated the flow of a five-bladed 

ropeller using WRLES. Liao et al. [16] simulated the flow around 

 propeller in crashback mode using WMLES with the curvilin- 

ar immersed boundary (CURVIB) method. To alleviate the grid 

eed for geometry-resolved simulations, Liao et al. [17] proposed 
ety of Theoretical and Applied Mechanics. This is an open access article under the 
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n actuator surface model for propeller, which employs a separate 

ANS simulation to compute the force coefficients on the surface, 

nd apply the obtained force coefficients to the actuator surface 

or propeller in the LES of propeller wake. Simulation of a pro- 

eller using WRLES is already very expensive, for instance in the 

ork by Balaras et al. [18] , 3.3 billion grid nodes were employed 

or simulating the INSEAN E1619 propeller under openwater con- 

ition. Simulating the suboff with a propeller is even more expen- 

ive. In the work by Posa and Balaras [19] , 3.5 billion nodes were

mployed for WRLES of suboff with appendages and propeller. 

To simulate the flow over the suboff with a propeller in a com- 

utationally efficient way, we propose to model the propeller us- 

ng the actuator disk model, which has been widely employed for 

ind turbine applications [20] , and simulate the flow over sub- 

ff body using the IB method with wall model, respectively, and 

est the proposed method by simulating the flow over the sub- 

ff with appendages and propeller under a typical condition. It 

s noted that the actuator disk model was also employed by Alin 

t al. [9] to model the effects of the propulsor, but with the body- 

tted method. 

The proposed multi-fidelity method is composed of two parts, 

.e., the IB method for suboff with appendages, and the actuator 

isk model for propeller. The proposed method is implemented in 

he virtual flow simulator (VFS-Wind) code [21] , which solves the 

ncompressible Navier-Stokes equations in the curvilinear coordi- 

ate as follows: 

1 

J 

∂U 

i 

∂t 
= 

ξ i 
l 

J 

[
− ∂ 

∂ξ j 
(U 

j u l ) + 

μf 

ρf 

∂ 

∂ξ j 

(
g jk 

J 

∂u l 

∂ξ k 

)

− 1 

ρf 

∂ 

∂ξ j 

(
ξ j 

l 
p 

J 

)
− 1 

ρf 

∂τl j 

∂ξ j 
+ f l 

]
, (1) 

 

∂U 

j 

∂ξ j 
= 0 , (2) 

here i, j, l = 1 , 2 , and 3 represents the x, y , and z axis respec-

ively, J is the Jacobian determinant of the transformation matrix, 

 i and ξ i represent the Cartesian and the curvilinear coordinates, 

espectively, ξ i 
l 

= ∂ ξ i /∂ x l represents the transformation of the co- 

rdinates, u i is the i th component of the velocity in Cartesian coor- 

inates, U 

i = (ξ i 
m 

/J) u m 

is the inverse of the volume flux, g jk = ξ j 

l 
ξ k 

l 
epresents the inverse metric tensor, ρf , μf and p are the den- 

ity, the dynamic viscosity and pressure of the fluid, respectively, 

f l represents the body force exerted by the actuator disk for pro- 

eller. The dynamic Smagorinsky model [22] is employed for mod- 

lling the subgrid-scale stresses. The governing equations are dis- 

retized in space using the second-order central difference scheme 

nd advanced in time using the second-order accurate fractional 

tep method. 

The curvilinear immersed boundary method [23,24] is em- 

loyed to simulate the hull of the underwater vehicle (e.g., the 

uboff body with appendages). For different variants of the CURVIB 

ethod developed for different applications, readers can refer to 

hese papers [25–29] . In the CURVIB method, the background grid 

odes are classified into fluid nodes and solid nodes. The fluid 

odes with at least one neighbor in the solid are further identi- 

ed as the IB nodes, at which the boundary conditions for the flow 

imulation are applied. For WRLES and DNS, the velocity at the IB 

odes is linearly interpolated from the fluids nodes and the ve- 

ocity at the boundary in the wall-normal direction. For WMLES, a 

imple linear interpolation is not suitable. The tangential velocity 

t the IB node is computed using the wall model, while the wall 

ormal velocity is still computed using the linear interpolation. In 

he present study, the simplified thin boundary layer equation is 
2 
olved in the wall model, which is written as 

∂ 

∂y 

[
( ν + νt ) 

∂u 

∂y 

]
= 0 , (3) 

here y is the coordinate in the wall-normal direction, u is the 

elocity tangential to the immersed boundary, and νt is the tur- 

ulent viscosity modelled using the mixing-length model with the 

an Driest damping function. 

The actuator disk model is employed to take into account the 

ffect of propeller on the flow. In the actuator disk model for wind 

urbine, the thrust is determined using the one-dimensional mo- 

entum theory [30] . In the present application, the force on the 

ropeller F propeller , on the other hand, depends on the instanta- 

eous hydrodynamic force F suboff on the body of suboff and the 

perational need of suboff (to accelerate, to decelerate, and etc.), 

hich can be expressed as follows: 

 propeller = F suboff + M suboff

d V suboff

d t 
, (4) 

here M suboff and V suboff are the mass and the velocity of the sub- 

ff, respectively. The obtained force is then distributed on the ac- 

uator disk for propeller. In the present work, a relatively simple 

ituation is considered, that (1) the acceleration of the suboff is 

ero; (2) the force distribution on the actuator disk is assumed be- 

ng uniform; (3) only the hydrodynamic force in the axial direction 

s considered; (4) the tangential force exerted by a rotating pro- 

eller is not taken into account. At last, the obtained force on the 

ctuator disk is spread to the surrounding background grid nodes 

sing the smoothed discrete delta function [31] for advancing the 

ow to the next time step. 

The setup for simulating the flow over the DARPA suboff is pre- 

ented. The geometry of the DARPA suboff with appendages (AFF8) 

s shown in Fig. 1 . As seen, the bare hull of the suboff is composed

f a streamlined forebody, a parallel middle body, and a stern with 

ontraction in the radial direction; the appendages consist of the 

ail ( Fig. 1 b) and four stern fins ( Fig. 1 c). The propeller is mod-

lled using the actuator disk model, and placed downstream of 

he fins as shown Fig. 1 c. Based on the size of the propeller in

he literature [32] , the actuator disk of radius 0 . 258 D is placed at

 . 225 D from the upstream edge of the suboff, where D denotes 

he diameter of the middle body. In the simulation, the Reynolds 

umber based on the length of the suboff L = 8 . 6 D is equal to

e = U 0 L/ν = 1 . 2 × 10 7 , where U 0 denotes the velocity of incoming

ow, ν denotes the kinematic viscosity of fluid. Uniform inflow su- 

erimposed with velocity fluctuations generated by a von Kármán 

pectrum [33] (turbulence intensity: about 1% of the uniform flow) 

s applied at the inlet. 

The suboff is placed with 0 angle of attack and 0 yaw angle, 

s shown in Fig. 2 . The sizes of the computational domain in the 

treamwise, normal and spanwise directions are [ −2 . 6 D , 23 . 2 D ] ×
 −4 . 3 D , 4 . 3 D ] × [ −4 . 3 D , 4 . 3 D ], with grid numbers 841 × 361 × 361 ,

espectively. Table 1 shows the details of grid spacing and num- 

er of grid nodes at different locations, and the maximum size 

f sail is [ 1 . 82 D , 2 . 54 D ] × [0 . 495 D , 0 . 905 D ] × [ −0 . 0 6 6 D , 0 . 0 6 6 D ],

he maximum size of the fin in the positive y direction is [ 7 . 49 D ,

 . 89 D ] × [0 . 162 D , 0 . 48 D ] × [ −0 . 041 D , 0 . 041 D ]. 

Simulation results are presented and discussed. In Fig. 3 , we 

rst compare the obtained pressure and friction coefficients with 

hose in the literature. It is seen in Fig. 3 a that the computed C p 
n general agrees with those in the literature. One difference is ob- 

erved on top of the sail starting from x/L = 0 . 21 , where the C p 
omputed in this work is lower than those in the literature. The 

ther difference is located behind the actuator disk, which is lo- 

ated at x/L ≈ 0 . 956 , the C p is higher than those without an ac-

uator disk due to the additional pressure jump induced by the 

hrust on the actuator disk. The friction coefficient C f is compared 
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Fig. 1. ( a ) Full geometry of the DARPA suboff with appendages; ( b ) sail on the parallel middle body; ( c ) fins and actuator disk for propeller. 

Fig. 2. ( a ) Computational domain with the xOy slice of the Cartesian background grid and the suboff with appendages (1 in every 5 nodes shown); ( b ) the unstructured 

surface grid for the suboff body with sail; ( c ) the unstructured surface grid for the actuator disk and fins. 

Fig. 3. Comparisons of ( a ) pressure coefficient C p and ( b ) skin-friction coefficient C f obtained from the present WMLES, the WRLES of Posa and Balaras [8] and experiment 

of Huang et al. [1] . 

3 
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Table 1 

Details of the grid spacing ( �h ) and number of grid nodes ( N) at different locations, 

in which the coordinates and the grid spacing are normalized by D . In the row of 

grid spacing, the abbreviation “u” denotes the uniform grid, “r” and “l” denote the 

non-uniform grid defined using the Tanh function, with the smallest grid cell on 

the right and left, respectively. 

x/D [-2.6, -0.4] [-0.4, 2.0] [2.0, 6.0] [6.0, 16.0] [16.0, 23.2] 

N 35 80 90 500 135 

�h 0.03 (r) 0.03 (u) 0.03 (l) 0.02 (u) 0.02 (l) 

0.02 (r) 

y/D [-4.3, -1.2] [-1.2, -0.06] [-0.06, 0.06] [0.06, 1.2] [1.2, 4.3] 

N 73 94 20 100 73 

�h 0.015 (r) 0.015 (l) 0.006 (u) 0.006 (l) 0.015 (l) 

0.006 (r) 0.015 (r) 

z/D [-4.3, -1.2] [-1.2, -0.09] [-0.09, 0.09] [0.09, 1.2] [1.2, 4.3] 

N 73 92 30 92 73 

�h 0.015 (r) 0.015 (l) 0.006 (u) 0.006 (l) 0.015 (l) 

0.006 (r) 0.015 (r) 
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Fig. 4. Time-averaged streamwise velocity at ( a ) xOy slice ( z = 0 . 0 ) and ( b ) the slice 

rotating counterclockwise with the angle of 45 ◦ from xOy slice ( y + z = 0 ). 
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T

ith those in the literature in Fig. 3 b. Overall, the agreement is 

cceptable considering the relatively coarse grid employed in this 

ork. The major differences are observed at locations upstream of 

he sail, where the C f predicted by the present work is lower than 

hose in the literature. One possible reason causing this difference 

s the numerical trip wire employed by Posa and Balaras [8] for 

riggering transition to turbulence, which is not employed in this 

ork. The other difference is observed at the downstream loca- 

ions of the sail, where the C f predicted in this work is lower than

hose in the literature. This is related to how well the flow over the 

ail is predicted, which is affected by the grid resolution as well as 

he inflow, which, on the other hand, is influenced by the numer- 

cal trip wire placed close to the upstream end of suboff as in the 

ork by Posa and Balaras [8] . 
Fig. 5. Time-averaged pressure distribution at the two

4 
In order to show the impact of having an actuator disk model 

n the global flow features around the suboff with appendages, 

igs. 4 and 5 depict the contours of time-averaged streamwise ve- 

ocity U and pressure P at two slices along the centerline of the 

are hull at different azimuthal angles, one with z = 0 passing 

hrough the sail and one fin (a), one with y + z = 0 without cutting

ny appendages (b). As seen (a) of both figures, the appendages 

ignificantly impact the flow around them, i.e., low speed wake re- 

ion in the downstream, and high pressure region in the upstream. 

he flow composed of a jet region and a surrounding wake re- 
-dimensional slice of ( a ) z = 0 and ( b ) y + z = 0 . 
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Fig. 6. Time-averaged streamwise velocity U at the yOz slices with x/D = 1 ∼ 10 . 

Fig. 7. Contours of profiles of ( a ) time-averaged streamwise velocity, ( b ) time-averaged pressure and ( c ) variance of streamwise velocity fluctuations on the xOy plane located 

at z = 0 . The profiles are located at x/D = 8 . 7 , and 9 . 0 ∼ 18 . 0 with increment of 1, respectively. 
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ion is observed extending for a long distance. The width of the 

et region is observed being higher in the y direction as shown in 

ig. 4 a when compared with that shown in Fig. 4 b. As for the pres-

ure, variations are large in the near wake region and decay to zero 

uickly as travelling downstream. Then we examine in Fig. 6 the 

ow field at yOz slices located at different streamwise locations. As 

een, the flow at x/D = 1 ∼ 7 is featured by boundary layer at most

zimuthal locations, except in the downstream of the sail where its 

ake dominates. At x/D = 8 , where the flow passes through the 

tern with contraction in the radial direction, the flow exhibits sig- 

ificant deceleration. At x/D = 9 , 10 in the near wake of the suboff,
5 
he flow around the centerline of suboff is significantly accelerated 

ue to the thrust on the disk. The last considered variation lies in 

he boundary layer at the parallel middle body. The boundary layer 

t z = 0 , y > 0 is thicker than that at y + z = 0 because of the de-

eleration of near-wall velocity. 

After showing the flowfield around the body and in the near 

ake. Here, we examine in Fig. 7 the flowfield in the far wake with

rofiles of flow statistics at x/D = 8 . 7 and 9 . 0 , 10 . 0 , 11 . 0 , · · · , 18 . 0 ,

espectively. As seen, the time-averaged streamwise velocity and 

ressure, and the variance of streamwise velocity fluctuations all 

ariate significantly in the near wake (until x/D = 10 , i.e., 1 . 4 D



Z. Zhou, Z. Li, G. He et al. Theoretical and Applied Mechanics Letters 12 (2022) 100318 

f

A  

p

o

e

l

t

x  

i

o

A  

v

s

f

r

o

h

a

i

w

i

w

a

o

p

p

A

c

d

t

b

e

t

s

l

a

i

t

w

s

m

t

D

c

i

A

d

t

(

2

R

 

 

 

[

[

[

[

[

[

[

[

[

[

[

[

rom the downstream end of suboff) in the transverse directions. 

t x/D = 8 . 7 , 9 locations, it is seen that the streamwise velocity

rofile is featured by velocity deficit in three banded regions, i.e., 

ne located along the centerline and the other two located at two 

nds, and two jet-like regions located in-between the three ve- 

ocity deficit regions. As for the pressure, a peak is observed at 

hese two locations with an abrupt decrease in its magnitude from 

/D = 8 . 7 to 9. The transverse variations of 〈 u ′ u ′ 〉 are observed be-

ng fairly complex at these two locations due to the complex ge- 

metry of suboff near its downstream end and the actuator disk. 

t further downstream locations starting from x/D = 10 . 0 , the tran-

erse variations of different flow characteristics become relatively 

imple. For the streamwise velocity, the jet due to the actuator disk 

or propeller occupies most of the central area of the wake, sur- 

ounded by the region with velocity deficit due to the appendages 

f suboff. The transverse variations of the pressure, on the other 

and, are fairly small at these far wake locations. As for the vari- 

nce of the streamwise velocity fluctuations, a region with peaks 

s observed in the wake at these far wake locations. 

In this work, we propose to simulate the flow around an under- 

ater vehicle in a multi-fidelity way, that its hull with appendages 

s geometrically resolved using the immersed boundary method, 

hile the propeller is parameterized using the actuator disk model, 

nd then apply this strategy to simulate the flow over DARPA sub- 

ff with appendages and propeller. 

To evaluate the simulation results, we compare the obtained 

ressure and friction coefficients with those in the literature. The 

ressure coefficient in general agrees with those in the literature. 

s for the friction coefficient, under-predictions are observed at lo- 

ations upstream and downstream of the sail, which is probably 

ue to the employed coarse grid, and the fact that a numerical 

rip wire located near upstream end of suboff for triggering tur- 

ulence transition is not employed in this work, which is often 

mployed in the literature. The flowfield around the body and in 

he wake are then examined, with complicated flow structures ob- 

erved near the downstream end of suboff. At further downstream 

ocations, a wake composed of a core region of fast flowing fluid 

nd a surrounding region of slow flowing fluid is observed extend- 

ng for a long distance. 

Further development is needed to apply the proposed method 

o simulate a full-scale underwater vehicle, e.g., wall models [34] , 

hich can accurately take into account the effects of the pres- 

ure gradient and other non-equilibrium effects, and parameterized 

odels, which can accurately model the effect of small scale struc- 

ures on the surface [35] . 
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