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ABSTRACT 

Large Eddy Simulation (LES) is a powerful tool in 

simulating the flow in turbomachinery for further 

understanding of the flow mechanism, such as transition and 

flow separation; however, the large computational cost limits 

its application in high Reynolds number flow. Compared to 

the widely used Central Processing Units (CPUs) by most 

solvers, Graphics Processing Units (GPUs) can provide higher 

computational speed and is beneficial to improve the solver 

efficiency. This work aims to develop a GPU-enabled parallel-

unstructured solver to speed up the high fidelity 

turbomachinery simulation. A set of low-dissipation schemes 

designed for unstructured mesh are implemented with the 

CUDA program model. Several key parameters affecting the 

performance of the GPU code are discussed in this paper. The 

results show that an acceleration ratio of 84~91 can be 

achieved with this unstructured GPU code. The transitional 

flow inside a compressor is simulated using this code, and the 

computational efficiency has been improved greatly. The 

transition process and mechanism are discussed and the role 

of K-H instability in the transition mechanism is verified. 

INTRODUCTION 

The unsteady flow in compressor blades received a great 

deal of attention in recent years, while the transition process 

and mechanism have been less explored despite its importance 

to flow loss. As the birth of turbulence, the precise prediction 

of transition is critical for accurate loss predictions of 

turbomachinery. However, the transition process is 

complicated when taking pressure gradients, Reynolds 

number, curvature and relative motion into account (Bario et 

al, 1998). In past years, many research results on flat plate 

(Keller et al, 1998, Roberts et al, 2006 and Lardeau et al, 2012) 

were obtained and few on blades (Zaki et al, 2006) because 

complicated shapes require sophisticated simulation methods. 

Considering the various factors to transition mentioned above, 

the best solution of numerical simulation to transition is Direct 

Numerical Simulation (DNS). However, the fine mesh in 

Zaki’s research (2006) was composed of 1025×641×129 

points resulting in huge computational costs. Unlike DNS, 

LES resolves only large scales and small scales is modelled 

(Elsner et al, 2007). Although the scale of mesh is reduced 

sharply compared to DNS, for high Reynolds number flow 

LES will still lead to large computational cost, which is 

proportional to Reynolds number to the power of 9/4. 

Gourdain et al.(2015) performed the flow simulation in single-

stage compressor with LES in 2015 and the CPU time of 

different grid scale is shown in Table 1. The large 

computational cost for high Reynolds number flow make it 

difficult to adopt LES to perform accurate simulation to 

transition and the flow solver needs to be promoted 

imminently to improve the efficiency of simulation. 
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Table 1: Evaluation of computation cost under 
different grid scales 

Grid(Million) CPU Number Total Cost (CPUh) 

13 16 1910 

102 64 40530 

857 1024 1091170 

With the development of Computational Fluid Dynamics 

(CFD), the computer hardware also develops rapidly and the 

computational capability of CPU rises continuously. From 

1980s to 1990s, the floating-point calculation ability of 

computer grew with the increase of clock frequency and 

transistor density. In recent years, parallel computing receives 

more attention with the development of CPU including many-

core CPU and CPU cluster. While in parallel computing area, 

Graphics Processing Unit (GPU), as a highly paralleled 

processor including approximately 1000 cores, can provide far 

higher computational capability than CPU and it is 

transforming the traditional scientific research. The peak 

performance of GPU has enormous advantage over CPU for 

either single precision or double precision floating-point 

number and for that reason GPUs are applied to many areas of 

science including Deep-learning and Geoscience and many 

researchers also conducted related studies in CFD. 

Kruger et al. (2003) performed the optimization to the 

Euler equation solver on graphics processors through 

Conjugate Gradient Method and obtained the speed-up of 

12~15. Harris et al. (2003) solved the Navier-Stokes equation 

for incompressible fluid flow on structured grids based on 

GPU. Hagen et al. (2006) implemented the two- and three- 

dimensional compressible flow simulation and reported 25 

times faster than the CPU codes. Brandvik et al. (2008, 2010) 

performed the GPU optimization of two- and three- 

dimensional Euler equation and the speed-up of 29 and 16 was 

reported. Elsen et al. (2008) conducted the simulation of a 

hypersonic vehicle configuration, considered the most 

complex simulation at that time, and the speed-ups ranged 

from 15 to 40~. Shinn et al. (2010) conducted a high-

resolution DNS of impressible turbulence flow in a square 

duct and obtained the speed-up of 12~18. Kampolis et al. 

(2010) compared the performance of GPU implementation 

with single, double and mixed precision arithmetic operations. 

Asouti et al. (2011) performed the GPU optimization to the 

Navier-Stokes solver for steady and unsteady flow using a 

vertex-centered finite volume scheme and the acceleration 

ratio of 46 is reported. 

The researches mentioned above performed the GPU 

implementation on their CFD codes and obtained obvious 

speed-up effect. However, the GPU implementation of LES 

has not received much attention yet and the applicability of 

GPU codes to complicated flow such as high Reynolds 

number flow in compressor cascades has not been validated. 

In the present study, a GPU-enabled unstructured Navier-

Stokes solver using LES is developed and it is based on the 

cell-centered finite volume scheme. The atomic function is 

introduced to eliminate thread conflict arising in the mode of 

traversal by mesh surface. The reliability of GPU code is 

demonstrated through the VKI 59 case, then the memory 

handling and stream technology are considered to maximize 

the speed-up of GPU-enabled solver. Finally, the flow 

simulation in compressor cascade is conducted using LES 

with GPU-enabled solver. The transition process is depicted 

clearly and the role of K-H instability playing in the 

mechanism is confirmed. Detailed transition process is 

captured and meanwhile the computing time is reduced 

remarkably with the speed-up of 84~ measured. 

GOVERNING EQUATIONS AND NUMERCIAL 
APPROACH 

This work is based on the cell-centered flow equation 

solver developed by Yuan et al. (2001) and Su et al. (2010), 

which can perform RANS, LES and hybrid RANS/LES 

simulations. In the finite volume scheme, the three 

dimensional compressible Navier-Stokes equation can be 

written as follows: 

 · ·con vis

i iUdV F ndS F ndS
t


 

   
 

(1) 

Where conF means convective flux and visF means viscous 

flux. conF and visF are shown in equation (2), respectively. 
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Where the flux including convective term and viscous term 

can be abbreviated as follows: 

  ,con vis

n i if F F n 
 

(3) 

Considering the grid point O in Figure 1, the governing 

equation can be rewritten as follows: 

 0O
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(4) 

with OV means the volume of grid cell and OR is the flux of 

grid point O.  

 

Figure 1: Flux calculation of grid point O 
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In this work the convective term is discretized with a 

second order hybrid upwind/central scheme, which is based 

on the Roe upwind scheme (Roe et al, 1981): 

 ,1/2 , ,

1 1
( ) ( )

2 2

con con con

n n L n R R LF F F R L U U    
 
(5) 

where
L

U and
R

U represent the reconstructed variables. For 

second order accuracy, the gradient information is required 

and within current unstructured solver they are calculated with 

the weighted least-square method. In the above formulation, 

 is a function which automatically reduces the local 

numerical dissipation and guarantees the stability at the same 

time (Roe et al, 1981). In the current LES simulations, the 

governing equation is time marched with the four-stage strong 

stability preserving Runge-Kutta method and is expressed in 

the following: 
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THE GPU IMPLEMENTATION AND OPTIMIZATION 
TO FLUID SOLVER 

The NVIDIA GPU architecture 

The hardware architecture of GPU is shown as Figure 2. 

One GPU has N multiprocessors and every multiprocessor has 

M processors, which means N ×M  processors can be 

utilized at most and nowadays thousands of processors can be 

obtained for GPUs based on Maxwell architecture such as 

GTX 980Ti (NVidia, 2015). Therefore, the execution time 

will be reduced markedly if these processors can work at the 

same time. In this paper, the GPU implementation is based on 

Compute Unified Device Architecture (CUDA), which is 

application programming interface model developed by 

NVidia. In CUDA model, GPU can be used as a separated 

device to perform general computing with its own memory 

and the aforementioned processors are implemented by 

threads on a software level. A certain number of threads are 

grouped into one block, associated with a single 

multiprocessor, and blocks are grouped into one grid. 

The GPU implementation and validation of original 
solver 

The general process of original solver can be roughly 

divided into three parts including pre-processing, solving 

process and post-processing. As is well-known, the solving 

process generally costs most of execution time, so the 

functions in this process should be performed in GPU. Figure 

3 shows the flow chart of GPU-enabled flow solver and the 

solving process mentioned above is executed on GPU. After 

the pre-processing, data including mesh and flow information 

is copied to GPU and then copied back to CPU after GPU 

finishes the solving process. The functions performed in GPU 

are called kernels, where the GPU implementation means one 

thread is assigned to one grid cell generally and all threads 

compute the corresponding grids concurrently. 

The VKI 59 turbine cascade has been investigated to 

verify the accuracy of GPU-code. Figure 4 shows the 

geometry and mesh of the case. The boundary condition is 

same as in the experiment report (Kiock et al, 1985). The 

comparison of isentropic surface Mach number between 

experiment (Kiock et al, 1985) and numerical simulation is 

shown in Figure 5. It is evident that the results from GPU-code 

agree well with experiment results at the most of surface. 

 

 

 

 

Figure 2: Schematic diagram of hardware 
architecture of GPU 

Figure 3: Flow chart of GPU-enabled flow 
solver 
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Optimization to GPU codes 

The computation process of flux term is shown in 

equation (7), where f is the flux of mesh surface and LR , RR  

are the residuals of grid cells on both sides of the mesh surface. 

For the flux including convective term and viscous term as 

equation (7) shows, the area of mesh surface is fixed and only 

needs one-shot calculation. On the other hand, the flux of 

different mesh surfaces changes and must be updated in every 

iteration. Two traversal methods are adopted in finite volume 

scheme: traversal by the grid points or traversal by the mesh 

surfaces. Apparently, the latter one has less computational cost 

because the flux of every mesh surface will be calculated twice 

for the former one. However, in parallel computing thread 

conflict need to be handled when travelling by the mesh 

surface. Thread conflict means more than one thread perform 

the read or write operation to same data simultaneously and 

almost leads to error. For the grid point O in Figure 1, if three 

or four mesh surfaces are calculated and then update the result 

of grid A at the same time, the flux of grid point O will not be 

the sum of mesh surfaces around it. Atomic function can be 

introduced to solve the problem in CUDA, which can reject 

the data visit from other threads through locking the data 

address until this operation finishes. 
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Figure 6 and Figure 7 shows the traversal method by the 

mesh surfaces. Firstly, threads of the first kernel calculate the 

flux of mesh surface a-b and save them to device memory. 

Then the second kernel restores flux and updates the result of 

left grid cell and right grid cell. Here as the output of former 

kernel and input of latter kernel, the variable f resides in 

device memory of GPU. Device memory can be read or 

written from CPU or GPU and has a high access latency only 

lower than disk I/O and CPU RAM. As Cook (2012) shows, 

the device memory serves as main memory considering its 

size and on the other hand has the highest access latency. On 

the other hand, the registers of GPU are the closest to cores 

and the latency is so low that the memory access overhead can 

be ignored like L1 cache of CPU. Therefore, using registers 

reasonably can improve the solver efficiency greatly. As is 

shown in Figure 7, the intermediate variable f can be declared 

in registers of GPU as the internal variables of kernels. 

Therefore, the time cost of memory access is insignificant and 

that can make full use of the compute capability of GPU. The 

acceleration ratio of flux portion increase from 12.7 to 74.3 

and it is clear that the execution time has been shorten 

markedly benefiting from the registers. 

 

 

 

Figure 4: Geometry and mesh of VKI59 

Figure 5: Distribution of isentropic surface 
Mach number compared to experiment 

results 

Figure 6: Computation process 
of flux term 

Figure 7: Diagram of the computation process of 
flux using device memory (left) compared to 

registers (right) 
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Kernels are considered as independent tasks, which can 

be executed concurrently through streams. Stream is a 

sequence of commands including kernels and data transfers 

are executed in order (NVidia, 2011). During executing the 

GPU codes, the CPU thread gets the control handle after it has 

launched one kernel and then launches the next kernel queued 

up to be executed. So more than one kernel is waiting for 

execution in one stream. However, multiple streams can be 

declared in GPU and commands of different streams can be 

executed concurrently out of order as Figure 8 shows. As 

mentioned above, when calculating convective term and 

viscous term, gradient information is required and calculated 

before the other two in the GPU-enabled solver. On the other 

hand, the convective term is calculated independent of the 

viscous term. Therefore, the additional stream can be 

introduced to execute the kernel calculating viscous term, 

which means the two terms can be calculated at the same time. 

Here an explicit synchronization before declaring the new 

stream is required to ensure the calculation of gradient has 

finished. 

 

The performance of optimized GPU-code 

Before showing the performance of GPU-code, the test 

platform is necessary be declared. The hardware used in our 

research includes Intel Xeon E5-2603 server platform with 16 

GB RAM and NVidia GTX 980 Titan graphics card. Table 2 

shows main specifications of the graphics card (NVidia, 

2015). The GPU is based on GM200 architecture and owns 22 

stream multiprocessors, including up to 2816 processors. The 

peak performance reaches 4.6 TFlops and memory bandwidth 

is 336.5 GB/s. The solver is programmed using CUDA Fortran 

language and the PGI CUDA FORTRAN Compiler.    

Table 3 shows the acceleration ratio of different parts and the 

whole solver for the VKI59 case. The calculation of gradient 

term, convective term and viscous term account for the most 

execution time. The three parts and optimized solver obtain 

excellent speed-up ratio with memory handling and 

concurrent execution in consideration. 

Table 2: The NVidia GeForce GTX 980 Ti's technical 
details 

CUDA 
Cores 

Base 
Clock 

Total 
Memory 

Memory 
Bandwidth 

Peak 
Performance 

2816 
1000 
MHz 

6144 MB 336.5 GB/s 4.6 TFlops 

 

 

 

Table 3: Comparison of acceleration ratio of 
different parts and the whole solver 

 
Gradient 

term 
Convective 

term 
Viscous 

term 
Solver 

Speed-
up 

95.5 92.1 70.8 91.2 

 

THE APPLICATION OF GPU-ENABLED SOLVER 

The simulation set-up 

The optimized GPU-enabled solver is used to investigate 

the transition process and mechanism in compressor passage. 

The blade used in the present study is denoted as V103, 

adopted by the cascade experimental facility in Bundeswehr 

University (Hilgenfeld et al, 2004). 

One blade passage is calculated in this study. Figure 9 

shows the close-up view of unstructured grid. Most region of 

passage uses the unstructured grid while the wake flow region 

and the second half of the suction surface use the refined 

structured-type mesh elements. The grid size is 2.6 million and 

the Reynolds number is 131000. The maximum y+ away from 

the wall is less than 1. The computational domain adopts the 

periodic boundary conditions in the y-direction and z-

direction. Total temperature and pressure are given at the inlet 

and back pressure given at the outlet. The inflow angle is 

equal to 42 . The Mach number of inlet flow is approximately 

0.25. Boundary condition is implemented in a non-reflecting 

manner to minimize the numerical reflections at the boundary 

faces. 

The transition process and mechanism 

In this case, laminar-to-turbulent transition only occurs on 

suction surface of the blade. The transition process is 

illustrated in Figure 10. which shows the isosurfaces of Q 

criterion colored by streamwise velocity, and Figure 11, which 

shows instantaneous contours of /  and the streamlines 

at midspan. As the laminar boundary layer separates and the 

shear layer interacts, the reverse region can be observed and 

two-dimensional vortex tubes, called Tollmien-Schlichting 

waves, are generated. Moving to the downstream, the vortical 

structures break up to three-dimensional structures, indicating 

Figure 8: Command parallelism with stream 
introduced 

Figure 9: Close-up view of unstructured grid 
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the completion of laminar-to-turbulent transition. During the 

transition, hairpin vortices can be observed obviously (Adrian 

et al, 2007). In addition, the interaction between hairpins in the 

spanwise scaling has an important influence on the transition 

process. Two adjacent hairpins will product one new hairpin 

as they grow along the streamwise as Figure 12 shows. Three 

sections along the streamwise are contoured by streamwise 

vorticity and lined by velocity vectors. The merging process 

of hairpins is similar to Adrain’s research (Adrian, 2001). On 

the pressure surface, the separation of laminar boundary layer 

occurs and then the recirculation zone can be observed. 

However, the vortical structures maintain two-dimensional 

and the transition to turbulence doesn't occur downstream 

because of the Favorable Pressure Gradient (FPG) at trailing 

edge. 

 

 

 

Figure 13 shows four phase of instantaneous Q-criterion 

in one vortex shedding period. On the pressure surface, the 

flow remains mild and stable in spite of the exist of flow 

separation. The generation and development of vortex 

structure can be observed clearly on the suction surface. The 

separated eddies convect away from the wall, which is similar 

to the K-H rolls reported by Zaki et al. (2009). The transition 

to turbulence is driven by Kelvim-Helmholtz instability 

according to Zaki et al. (2009). The criterion of Chandrasekhar 

(2013) can be used to prove whether the transition mechanism 

in this case is driven by K-H instability as equation (8) shows: 

 0 < Kh < C   (8) 

 

Where K and h means respectively the wave number and 

the shear layer thickness. In the present study, h is evaluated 

where the unsteadiness becomes apparent and K is computed 

from the wavelength  . The constant C is the upper limit of 

unstable region of K-H instability, which is 1 for a tanh-like 

profile or 1.2785 for a shear layer with a linear velocity profile. 

The specific values are shown in Table 4 and the result fulfill 

previous condition, which confirms the role of K-H instability 

playing in the transition mechanism. Roberts et al. (2006) 

mentioned that the T-S waves provide the initial disturbances 

for K-H instability, which eventually leads to the transition of 

the separated boundary layer. However, in the present study 

few evidences are obtained to demonstrate the direct 

relationship between T-S waves and K-H waves. 

Table 4: Demonstration of the role of K-H instability 
playing in the transition mechanism 

Wavelength 

(mm) 

Shear layer thickness h

(mm) 
K h  

50 1.818 0.228 

Acceleration ratio 

The impact of grid scales on speed-up is shown in Figure 

14. When grid size is small relatively, the computing power of 

CPU is enough and the advantage of GPU seems not obvious. 

As grid nodes increase, the performance of GPU is given full 

play and the speed-up increases monotonically. However, 

parallel computing with GPU consumes more storage space 

than serial codes and device memory is needed (Wei et al, 

Figure 10: Isosurfaces of Q criterion colored 
by streamwise velocity 

Figure 11: Contours of /  (called 

gradRosRo in this Figure) and 

streamlines at midspan 

Figure 12: Three sections contoured by 
streamwise vorticity show the interactive process 

between hairpins 

Figure 13: Four phase of instantaneous Q-criterion 
contoured by velocity in one passage period 
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2015). Memory access becomes the main limitation of speed-

up when grid scales reach a certain degree, which should be 

given more consideration in the future work. The computation 

time of one blade passing period for optimized GPU codes is 

shown in Table 5 compared with original solver. The 

acceleration ratio is about 84, which reduces the 

computational cost of LES greatly and more refined mesh can 

be adopted to obtained more details of the transition flow 

during the reasonable time. 

 

Table 5: Computation time of one blade passing 
period and the speed-up of GPU-code 

CPU version(hour) GPU version(hour) Speed-up 

3476 41 84 

CONCLUSION 

For the large computational cost caused by high fidelity 

turbulence model LES in high Reynold numbers flow, the 

GPU-enabled solver based on cell-centered finite volume 

scheme flow equation solver is implemented. The time 

marching method uses the four steps Runge-Kutta method. 

CUDA program model has been used to write those codes 

executed on GPU and the validity of GPU-code has been 

verified by the VKI 59 case. 

The major superiority of GPU over CPU is its computing 

power and then the goal of optimization is to give full play to 

it. Atomic function is introduced to avoid the thread conflict 

resulting from traversal by the mesh surfaces when calculating 

the flux of mesh. In addition, the flux variable f is declared in 

the registers of GPU instead of global memory to relieve the 

compute capability of GPU. Furthermore, streams are 

introduced to enable independent kernels including 

convective and viscosity terms to be executed concurrently. 

The remarkable speed-up ratio of 91 is reported with these 

factors mentioned above in consideration. 

Finally, the GPU-enabled solver is applied to study the 

transition process and mechanism over the V103 blade. The 

speed-up gained from GPU-enabled solver reaches 84 

compared to original code running on CPU. The presented 

results show the generation and shedding of vortex at the 

suction surface clearly and the development of unsteadiness. 

The transition process has been illustrated and the interaction 

between hairpin vortices promoted the laminar to turbulence 

transition. Meanwhile the role of K-H instability playing in the 

transition to turbulence is verified. 
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