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ABSTRACT
The advent of General Purpose Graphics Processing Units (GPGPUs) has spawned a lot of interest in computing high
resolution flows in a shorter span of time. In combination with existing parallel programming techniques such as MPI
or openMP, one is able to obtain at least one order increase in speed-up for CFD applications on stationary grids.
Due to a high throughput/cost ratio, GPUs are increasingly becoming popular among the CFD community. Flow
fields on helicopter systems rank among one of the most challenging and hence are computationally demanding to
simulate. Further, presence of multiple bodies moving relative to each other require use of overset grid systems, which
in turn require efficient overset grid assembly methods to support the flow solution. In this context, a computational
framework for flow simulation across multiple CPU cores and multiple GPUs has been developed and tested. It is
shown that the overall wall-clock time for the simulation can be considerably reduced by using multiple GPU cards.
The parallel GPU framework is initially tested using both explicit and implicit schemes for the flow past a sphere.
Further, a two-blade hovering rotor test case adopted from literature is used to demonstrate the capability of the code
towards simulating rotorcraft flows in a short span of time.

INTRODUCTION

Accurate representation of the flow-field around a helicopter
is essential in assessing the overall performance especially for
new designs and especially rotor-body interactions. Compu-
tational methods require higher degrees of freedom to achieve
a reasonable level of accuracy for engineering decisions to be
made in the design phase. This in turn requires huge com-
putational resources(parallel computers) which then translate
into optimizing the cost to accuracy ratio. Currently the capa-
bility to simulate rotorcraft flows across parallel processors
(CPU cores) do exist (c.f. (Ref. 1), (Ref. 2), (Ref. 3)) and
are being widely used for predicting rotor loads. Computer
hardware has been evolving rapidly during the last couple of
years. With the advent of General Purpose Graphics Pro-
cessing Units (GPGPUs), the Computational Fluid Dynam-
ics (CFD) community has absorbed this technology and sev-
eral codes have been developed either from scratch ( (Ref. 4),
(Ref. 5), (Ref. 6)) or by using an automatic CPU to GPU port-
ing strategy ( (Ref. 7), (Ref. 8)). The rotorcraft community
also began to embrace the GPU ideology as described by the
computations in (Ref. 9), (Ref. 10), (Ref. 11). However, most
the existing computational codes that are used to simulate ro-
torcraft flows (especially using overset/overlapping grids) do
not have the capability to run across multiple CPU cores and
multiple GPUs simultaneously. Studies on using this hybrid
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CPU-GPU framework for CFD applications are limited and
hence this paper is geared towards developing such a frame-
work and understanding how effectively one can use all pos-
sible computing resources to solve a given problem.

The present framework has been evolved from the authors’
previous work CU++ (Ref. 12)which is a framework for solv-
ing partial differential equations on structured grids on GPUs.
CU++ provides the user a higher level programming frame-
work especially for finite-difference calculations where stan-
dard discretized expressions can directly be used in place of
standard GPU kernels(discussed in the next section) similar
to C++. However, for unstructured grid based codes, only
the data structures of CU++ are used in conjunction with
GPU kernels as stencil operations are not straightforward.
Also developed using CU++ was GPUINS (Ref. 13), a GPU
based three-dimensional incompressible Navier-Stokes solver
on moving overset grids. The code runs on a single GPU
and was verified using standard incompressible flow test cases
such as flow past a sphere and oscillating wing under low
Reynolds number flow conditions. The GPU code was able to
achieve a speed-up of 5 to 15 compared to a serial CPU code
depending on the level of serial CPU code optimization. In
this work, a hybrid CPU-GPU framework has been developed
for solving the Compressible Euler equations on overset grids.
The hybrid feature enables the code to run simultaneously on
a GPU and several CPU cores. Although the viscous terms
in the current implementation can be turned on, only inviscid
test cases using the compressible solver are demonstrated at
the moment to verify the capabilities of the GPU based im-
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plementation. This paper is organized as follows: In the fol-
lowing section, a short description of the flow algorithm on a
per CPU core/GPU basis is described followed by GPU/CPU
hardware implementation specifics. Parallel partitioning us-
ing METIS and GPU-CPU load balancing is described next
followed by results and discussions on parallel performance.

FLOW SOLVER ALGORITHM
The compressible Euler equations are discretized in space
on an unstructured grid using a cell-centered finite volume
method, and a second order Roe’s scheme for interface fluxes.
Time marching is performed using (1) an explicit low stor-
age three stage Runge-Kutta scheme (Ref. 14) and (2) an im-
plicit second order backward difference scheme(BDF2) using
a Newton-Krylov approach. For the implicit scheme, as a part
of the linearization of the fluxes, exact Roe flux Jacobians are
used in conjunction with a BiCGSTAB Krylov solver with-
out preconditioning. Typically 4-5 Newton iteration steps per
time step are required for convergence of the non-linear sys-
tem of equations.

GPU Implementation

Implementing the entire algorithm on the GPU has been very
straightforward as the framework and relevant data struc-
tures were already developed for the Incompressible flow code
(Ref. 13) and two-dimensional Euler code (Ref. 6). Program-
ming the GPU using NVIDIA’s Compute Unified Device Ar-
chitecture (CUDA) (Ref. 15) requires the use of kernels which
are similar to f unctions in standard programming languages
such as Fortran or C++. Each kernel call will spawn a num-
ber of threads depending on the type of loop involved (loop
over faces or cells), and each of this thread will perform its
own computation independently thereby maximizing parallel
performance. The relevant kernels used in the present com-
putation are as follows:

• Gradients using Green-Gauss and Fluxes: One kernel
computes the face centered values (loop over faces) and
another kernel sums up the face centered values and as-
signs it to a cell center (loop over cells).

• Runge-Kutta update: One kernel to update the field
variables based on different Runge-Kutta stage con-
stants(loop over cells).

• Newton-Krylov update: Usage of NVIDIA Thrust li-
brary for computing reductions in the BiCGSTAB proce-
dure and simple DAXPY kernels to update the solution
vector (loop over cells)

• Overset connectivity: kernels for donor search and clas-
sification(loop over cells).

HYBRID GPU-CPU PARALLEL
IMPLEMENTATION

As mentioned previously, this hybrid computational frame-
work utilizes available GPUs and CPU cores for solving a

given problem. Another advantage of this hybrid framework
is that the exact same code can run in parallel without GPUs
without any modification to the code thereby making it more
portable for non GPU based platforms. For proper load bal-
ancing, the computational grid must be partitioned in such a
way that processes that run on the GPU have a higher load
compared to the processes that run on CPU cores. The entire
partitioning procedure is shown in Figure 1 and consists of the
following steps:

Preprocessing 

Overset  

Grid 0  Grid 1  Grid k-1  

Iblank data  Interp data Cell datatype 

Partition Utility 

Partition  
Weights 

Load 
Balancing 

Metis 

Part 0  Part 1  Part N0 -1  Part N0  Part N0 +1  Part N0+N1-1  

Grid 0 Grid 1 

……………. 

… … 

< GPU Parts ….. CPU Parts> < GPU Parts ….. CPU Parts> 

Fig. 1. Grid partitioning procedure

1. For the implementation in the current paper, the overset
connectivity is performed offline and the respective data
written into different files. For each component grid (not
partitioned grid), we write three pieces of information.
(a) field/fringe/hole cell classification flag into the iblank
file, (b) fringe and the corresponding donor cell into the
interp file and (c) overset donors and overset fringe cells
into the cell datatype file.

2. As there are multiple grids, the domain partitioning must
be performed for each of these grids separately. This in-
dicates that no partition will contain more than one grid.
The graph partitioning code MET IS (Ref. 16) is used to
classify the cells into various partitions. As GPU parti-
tions require more load, a weight file is passed as an input
to MET IS to create weighted partitions. The partition
utility calls MET IS for each of the grids and adds ghost
cells across each partition. Figure 2 shows a portion of
the partitioned grid for the hovering rotor test case. At
the end of this step, the partition utility arranges the cells
in a specific order for each partition as follows:

• Cells that do not need any communication

• Cells on a regular partition boundary that act as
donors to ghost cells on neighboring partitions.

• Overset donor cells

• Overset fringe cells (recipient cells)

2



• Ghost cells that receive data from neighboring par-
titions.

Grouping the cells in this fashion enables efficient data
transfer between the CPU and GPU for MPI based com-
munication.

3. The partition utility then writes out various partition grid
files which also have all the necessary information relat-
ing to communication between various processes. It also
generates a process mapping file which enables mapping
the partitioned grids to different processes. For each grid,
the partitions are arranged such that the first few parti-
tions are GPU partitions and the remaining are CPU par-
titions.

Fig. 2. A section (along span and chord) of the partitioned
grid for the rotor test case.

When the main flow solver runs on np processes, each pro-
cess will read its respective grid based on the mapping be-
tween process ID and partition ID. Each process would know
whether it is a GPU based process or a CPU based process
based on the input partition file. For all GPU based pro-
cesses, the relevant GPU kernels are called to perform var-
ious computations and for CPU based processes, the corre-
sponding C++ functions are called. When communication is
required between various processes, only the GPU based pro-
cesses would transfer data between the GPU and CPU mem-
ory.

Load Balancing GPU and CPU partitions

Since a GPU runs considerably faster than a CPU core, it is
important that GPU based partitions have more data to pro-
cess than CPU based partitions. The ratio of the data between
GPU and CPU based partitions depends on how fast a GPU
performs with respect to a single CPU core. Let us assume
that, T is the total problem size ( e.g. number of cells), s the
speed-up of a GPU relative to one CPU core, ng the num-
ber of GPUs, nc the number of additional CPU cores (apart
from those controlling a GPU), N1 the partitioned problem
size on the GPU and N2 the partitioned problem size on the
CPU. Based on these variables, the total problem size can be
expressed as:

T = ngN1 +ncN2 (1)

For the load to be balanced between a CPU core and GPUs,
one must have:

N1 = sN2 (2)

The above is only an assumption, as GPU speed-ups may not
always vary linearly with grid size as the GPU performance
depends on a wide range of parameters such as number of
blocks, number of threads per block, number of registers per
kernel and the GPU hardware itself. Using Eq.(2) in Eq.(1),
we obtain

N1 =
sT

ngs+nc
(3)

N2 =
T

ngs+nc
(4)

Eqs.(3) and (4) represent the load-balanced problem size on
respective(GPU/CPU) partitions. To compute that however,
one needs to know the quantity s, which represents the speed-
up of one GPU relative to one CPU core. Hence, the prob-
lem is solved initially without any partitioning to compute the
speed-up of the GPU code. Typically for the rotor test case
when N(Number o f cells per partition) ≥ 2× 105, s ≈ 14.
For smaller grid sizes (N ≈ 5× 104), s ≈ 10. One can also
estimate the theoretical speed-up gained by using additional
CPUs as follows:

If only GPUs are used, then the time spent by each GPU

is roughly tGPU1 ≈ T
ng

. By using additional CPU cores with

load balanced, the time spent by a GPU is tGPU2 ≈ N1. Thus
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the speed-up gained by using additional CPU cores is given
by:

tGPU1/tGPU2 = 1+
(

nc

ng

)
1
s

(5)

Note that the above expression does not involve any commu-
nication time. Most of the computations reported in this paper
were carried out on the NCAR-WY super-computing cluster.
A subset of this cluster has 32 NVIDIA M2090 GPUs across
16 compute nodes.

RESULTS AND DISCUSSIONS

Inviscid subsonic flow past a sphere at Mach 0.3

To verify the proper implementation of the code, the flow past
a sphere at nearly compressible speeds is computed, and the
results are compared with inviscid incompressible flow theory
with a compressibility correction factor. Figure(3) shows the
contours of the pressure coefficient Cp along with a sectional
plot at z = 0 for a single GPU computation using the explicit
RK3 method in comparison with the corresponding theoret-
ical estimates Cp = (1− 9

4 sin2θ)(1−M2
∞)

−1/2. Also shown
in Figure (4) is a multi-GPU (24 GPUs mapped by 24 CPUs)
computational result using the implicit BDF2 method. Two
distinct facts can be stated by looking at these plots. (1) The
contours across the overset/partitioned boundary(indicated by
the stepped edges) are continuous and (2) a good correla-
tion between computed and theoretical estimates are obtained
thereby establishing confidence in the current implementa-
tion.

Θ 

Fig. 3. Contours of the pressure coefficient and sectional
pressure coefficient variation (using explicit RK3 time
stepping and a single GPU) in comparison with theoret-
ical estimates for the inviscid flow past a sphere at Mach
0.3

Fig. 4. Contours of the pressure coefficient for the inviscid
flow past a sphere at Mach 0.3 using 24 GPUs and implicit
BDF2 time stepping

Inviscid transonic flow past a rotor in hover

This test case is based on the experimental work of Caradonna
and Tung (Ref. 17) and aids in the validation of the code for
rotorcraft applications involving moving grids. The rotor con-
sists of two untwisted, untapered wings of NACA0012 profile
with an aspect ratio of 6 as shown in Figure (5). For ini-
tial computation purposes, there is no hub hence its interac-
tion with the rotors is not accounted for. Several test cases
corresponding to various rotational speeds(or tip Mach num-
bers) and collective pitch settings have been computed. The
only difference in the implementation between the sphere test
case and the rotor test case lies in the flux expressions where
grid speed terms and source terms are added to account for
the rotational reference frame. The governing equations are
solved in the rotating reference frame but expressed as quan-
tities in the inertial frame; cf. (Ref. 18). All computations in
this section were computed using an explicit RK3 time step-
ping scheme as the grid speed terms have not yet been ac-
counted for in the Roe flux Jacobian. For a collective pitch
of 50 we prescribe an angular velocity of ωy =−0.1359 about
the y−axis corresponding to a tip Mach number of 0.815. The
entire grid consists of 1.1M cells with a combination of hex-
ahedra and prisms. Using a single GPU, the computed and
measured pressures coefficients (Cp = p−p∞

0.5ρ∞u2
t
)(ut=sectional

linear velocity ) at two different sections, Z = 3 and Z = 5.34
are compared in fig.(6). A reasonable comparison can be ob-
tained with some visible differences due to the absence of vis-
cous effects in the computation. Also plotted in the same fig-
ure are (1) surface pressure contours indicating the formation
of a shock towards the tip of the rotor and (2) Y−velocity
contours showing the downwash from the wing tips. All the
preceding comparisons with experimental data are encourag-
ing and leaves us with a lot of room for further development.
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For parallel computations, the total number of cells was in-

Fig. 5. Experimental setup for the hovering rotor test case,
adapted from Caradonna and Tung (Ref. 17)

creased to 2M so that the partitioned grids that run on the
GPU have sufficiently larger load. Figures (7) and (8)show
the pressure contours on a section along the wing tip and the
inviscid rotor wake respectively. The partition boundaries are
also shown to demonstrate that the contours are continuous
across these boundaries and that the communication between
various partitions has taken place without any issues. As the
background grid is relatively coarse in comparison with the
rotor grid (Figure 2), the contours across the overset bound-
ary have some discontinuities.

PARALLEL GPU PERFORMANCE

To assess the performance of the parallel code, computations
are performed across a range of CPU cores(8,12,16, and 20)
and GPUs(1,4,8,12,16, and 20). For example, if 12 GPUs are
used in conjunction with 16 CPU cores, there are 12 CPU
cores controlling 12 GPUs and 4 CPU cores running indepen-
dent tasks. Hence ng and nc in Eq. 1 are 12 and 4 respec-
tively. The compressible flow past a sphere using the explicit
RK3 scheme described earlier is considered for computing the
wall-clock times under different conditions. Overall perfor-
mance is assessed based on the parallel performance of the
code relative to 8 CPU cores. Figure (9) shows contours of

Z=3 

Z=5.34 

Pressure distributions 

Y-Velocity contours 

Fig. 6. Computed pressure distributions and Y-velocity
contours for the hovering rotor test case on a single GPU

speed-up relative to the performance on 8 CPU cores. The
plot is very interesting in the sense that it gives us an idea on
how many CPU cores can replace a GPU. For example, take a
base case with 8 CPU cores and 0 GPUs. If we need a 2x im-
provement over 8 CPU cores, we would move along the x-axis
and locate a point with the same contour value. This indicates
that we need roughly 17 CPU cores. However one may also
traverse vertically along the Y-axis and attain the same con-
tour value with 2 GPUs and 8 CPU cores. The same can be
said for other combinations of CPU cores and GPUs.

Best CPU Performance Vs. Best GPU Performance

For a given grid size, it would be beneficial to know how much
potential one could extract from an array of GPUs in compar-
ison with a standard parallel implementation that uses only
CPU cores for a realistic test case such as the hovering ro-
tor described earlier. To estimate this, we first run the code
without any GPUs and estimate the wall-clock time for differ-
ent number of processes. Following this run, we use as many
GPUs as the number of processes so that each GPU is mapped
by one CPU core. Although the maximum number of GPUs
present in the NCAR-WY Supercomputing Caldera cluster is
32, only 24 could be used at a time due to job scheduling
restrictions. Figure (10) shows a summary of the wall-clock
times for ten iterations in seconds for various runs. We can
see that the best CPU performance is attained using 126 CPU
cores(14 cores × 9 nodes) and the best GPU performance us-
ing 24 GPUs(2 cores × 12 nodes). If cost for each run is com-
puted as Number o f Cores × wall − clock time× (cost($)
per core = k), we can see that the best GPU performance is
13 times economical(in terms of cost) than the best CPU per-
formance. The hybrid GPU-CPU implementation is not in-
cluded due to the fact that when the number of GPUs used are
high, a higher number of CPU cores must be used for proper
load balancing (according to Eq.(5). For 24 GPUs, to get at
least 50% increase in the speed-up, we need an additional 120
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Fig. 7. Computed pressure contours along Z =−5.8 for the
hovering rotor test case on 18 GPUs
CPU cores. Also for a 2M grid the partitioned size of the grid
would be small for the GPU to produce any significant speed-
up and that communication times may be in the same order of
magnitude as that of computation times. Hence for the hybrid
GPU-CPU framework to produce meaningful results, the grid
has to be very large.

CONCLUSIONS

We have presented an overset grid based flow computation
strategy on multi-GPU, multi-core architectures. Successful
application and validation was demonstrated for the (1) sphere
test case and (b) Caradonna and Tung rotor. It is also demon-
strated how the hybrid nature of the code, where both GPUs
and CPU cores are active provide additional speed-up than
cases that involve only GPUs. In future, we plan to:

• Extend this framework so that the overset connectivity
would be performed in parallel. This would pave way
for solving problems that involve relative mesh motion
such as rotor-body/rotor-rotor interaction.

• Improve the discretization procedure for increased accu-
racy of the simulations

• Implement viscous effects and

• Run the codes on the Kepler GPU architecture (Ref. 19)
to take advantage of NVIDIA GPUDirectT M - a frame-
work to transfer data between various GPUs that lie
across different compute nodes in a cluster without the
CPU interference.
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