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A novel multiblock grid approach, the multilayer window embedment technique, is introduced. With this ap-
proach, the Navier–Stokes equations are solved numerically for realistic transport wing/body high-lift con� gura-
tions. Results for two con� gurations are presented and compared with experimental data.

Introduction

T O achieve suf� cient lift, a modern transport aircraft usually
deploys slats and � aps to form a high-lift con� guration during

landing or taking off. In the whole process of the aerodynamicsde-
sign of a transport aircraft, the design of the high-liftsystem is often
a pacing item. Computational � uid dynamics (CFD) is playing an
ever more active role in the aircraft’s aerodynamics design. To re-
duce the wind-tunneltest costs and the design cycle time, signi� cant
efforts are now underway in the developmentof CFD techniquesfor
high-lift system design.

Much progress has been achieved in the CFD analysis of two-
dimensionalhigh-liftsystems.1 Comparativelyfew studieson three-
dimensional high-lift systems have been reported.2¡4 This is espe-
cially the case for the numerical simulation of complete aircraft
high-lift con� gurations.5¡8 Although two-dimensionalCFD analy-
sis can providebene� ts to the high-liftsystemdesign to someextent,
high-lift � ows are inherently three dimensional.6

The greatdif� cultiesof CFD simulationof a realisticaircraftwith
deployed high-lift system lie in both the aircraft’s complex geome-
try and the relevant extremely complex � ow features. The geome-
try of the three-dimensionalhigh-lift con� guration is characterized
by multi-elements and the existence of geometry discontinuities at
places such as � ap ends both cause severe problems to structured
grid generationapproach.The high-lift � ow is dominatedby various
� ow phenomena,such as � ow separation, complex vortices, wakes,
and wake/boundary interaction. Although the working speed range
is limited to low Mach number, due to the � ow acceleration,shock
wave and shock–boundary interactions may still occur inside the
narrow gaps between slat and main wing. In addition to the re-
quirement of a powerful grid generator, the complexity of the � ow
phenomenaand the wide rangeof their characteristicscalesdemand
a high-resolution,high-accuracy, and robust numerical solver with
adequate choices of turbulence models.

To provide the high-lift system designers with an analysis tool
of acceptable accuracy and ef� ciency, we recently developed the
CFD code called HLNSWE. The background of the present re-
search is the development of the Chinese airliner ARJ-21. To gain
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deep insights into the mechanism of high-lift � ow and to provide
calibration data for CFD research, a wind-tunnel model of a trans-
port wing/body combination with high-lift devices was built and
tested. The HLNSWE code was calibrated with the test data, and
HLNSWE then played a role as the analysis tool in the preliminary
aerodynamics design of ARJ-21. After several rounds of design it-
eration,a con� gurationwas obtainedwith most of the design targets
reached.wind-tunneltests were againperformedwith the optimized
con� guration to verify the design effects, as well as the accuracy of
CFD analysis.

The HLNSWE consists of a grid generatorand a � ow solver. The
core methodology is a novel multiblock structured grid technique,
the so-called multilayer window embedment (MLWE) technique,
which solves the problems that accompany multi-element and ge-
ometry discontinuities very well. When a � exible arrangement of
grid density and topology in different grid blocks is allowed, the
multiscale nature of the high-lift � ow can be captured with a com-
paratively small number of grids. This paper introduces the ideas
and the methodologies employed in HLNSWE. The capability and
performanceof HLNSWE for high-liftcomputationare assessedon
the numericalsimulationsof two wind-tunnelmodels.Computed re-
sults and its comparisons with the experimental data are presented
and analyzed.

Numerical Methods
Flow Solver

The cell-centered � nite volume methods (CCFVM)9 are em-
ployed to solve the Reynolds-averagedcompressibleNavier–Stokes
equations. Steady-state results are obtained through an explicit
four-stage Runge–Kutta time stepping. The Jameson-type blended
second- and fourth-order arti� cial viscosity is added to the es-
sentially central differencing spatial scheme for the suppression
of the spurious numerical oscillation. According to Radepiel and
Rossow,10 the scaling factors are reformulated to adapt to the grid
cells’ aspect ratio. Some modi� cations of convergenceacceleration
techniquesare also introducedto improve the robustness,ef� ciency,
and accuracy of the method.

Turbulence Modeling
The turbulence model adopted in the present version is the

Baldwin–Lomax model. Although it is commonly thought of as not
suitable for high-lift � ow simulation, this simple algebraic model
demonstrates fairly good convergence and allows the use of com-
paratively coarse grids. The k–! shear-stress transport (SST) and
spalart-allmaras (S–A) models are now being incorporatedinto the
HLNSWE code to improve its capability of accurately predicting
� ow separation, which is important to high-lift � ow. However, the
present emphasis is not focused on turbulence modeling.
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Patched Block Interface
The multiblock grid technique in HLNSWE is based on the patch

grid technique.Three patch patterns are allowed for interfacingdif-
ferent blocks.

Point-to-Point Patch
The grid lines are designed to be continuous with one-to-one

grid matching at the block interfaces. For CCFVM, point-to-point
patch demands the least coding work on the information exchange
between grid blocksand theoreticallyhas no risk of accuracydeteri-
oration on the grid interfaces.However, the requirement for one-to-
one matching will decrease the � exibility in arranging grid density
and topologyin the grid blocks.The grid clusteringin one blockwill
often have to be extended to adjacent blocks, where no clustering is
needed.

Although extremely complex, point-to-pointpatch was success-
fully applied by Takallu and La� in2 to the computation of partial-
span � ap wing. As many as 21 blocks are used in that effort.

Surface Patch
When geometry discontinuity exists or grid topology changes

across the block interface, the one-to-one matching of grid lines
is dif� cult to achieve. The technique of overlap area-weighted
reconstruction (OAWR) of conservative � ow parameters is used
for � eld information exchange to allow point discontinuous block
interfacing.

OAWR was developed by Kathong et al.11 and used by Chin12 in
his interactive boundary-layer/Euler computation about wing/body
combination with de� ected ailerons. For simplicity, the idea can be
explained as the two-dimensional map in Fig. 1. Grid blocks 1 and
2 patched on the interface are drawn by dashed and solid lines and
labeledby indices ( j; k) and (m; n), respectively.When the phantom
grid technique is used at the interface, a dummy grid cell ( j; k C 1)
can be created for cell ( j; k) in block 1. According to the CCFVM’s
formulation, the � ux on cell surface . j; k C 1

2
/ can be written as
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where h is the conservativeparameter. A j;k;m;n is the portion of the
area of cell ( j; k) overlap with cell m; n. With N the number of
cells in block 2 that overlap with cell ( j; k), h in the dummy cell

Fig. 1 Two-dimensional map for mismatch grid interface.

Fig. 2 Plane view of surface patch grid interface.

( j; k C 1) can be expressed in a more general form12:

h j;k C 1 D
NX
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Thus, the � ow parameters in the � ctitious grid cells, which are
needed by the interface � ux computation of the block 1 cells, are
reconstructed with the parameters in block 2’s boundary cells ac-
cordingto theiroverlaparea.From thedeductionprocedure,it is easy
to understand that, when incorporatedinto CCFVM, this technique
guarantees the global � ux conservationon the block interfaces.

In three-dimensional cases, as shown in Fig. 2, the grid lines of
both block 1 (solid lines) and block 2 (dashed lines) intersect each
other on the interface. The line segments buildup the envelopes of
the overlapzones.The shapeof the zonesmay be triangle,quadrilat-
eral, pentagon,and so on. The overlap relation between two blocks’
boundarycells may be so complex that we have to use the Ramshaw
algorithm13 to determine N and A j;k;.m;n/l in Eq. (1). The Ramshaw
algorithm is based on the area equation of general n-sided polygon
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where S1 and S2, which are holding the coordinates .x s
1 ; ys

1/ and
.x s

2; ys
2/, respectively,are the two endpoints of the sth side of P and

"P
s is either C1 or ¡1, depending on whether P lies on the left or

right side when S1 faces S2, respectively.
Equation (2) breaks the area down into contributions from all of

the n line segments and sums them. Following this idea, if G is a
cell (shaded) of block 1, its � ctitious cell’s conservative parameter
hG can also be computed by collecting the contributionsfrom all of
the line segments within G or on its boundaries. The formulations
can be expressed as follows.13

When s is a segment of block 2’s grid line,
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where hL and h R are the h values in the block 2 cell left and right
to s, respectively.

When s is a segment of block 1’s grid line,
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where F is the grid cell of block 2 in which s lies.
Sweep all of the grid lines of both blocks 1 and 2 one by one,

compute each segment’s contributionwith Eqs. (3) or (4), and add
it to the h value of the block 1 cell where the segments lies. With
the simple and uniform procedure, OAWR can be performed with
little increase in the total computation time.

Some special treatment must be performed when the interface
encounters geometry discontinuity.As shown in Fig. 3, the inboard
and outboard � ap have different de� ection angles. In this case, the
blocked area occupied by the � ap end in block 2 is divided into
dummy cells. When cell L , R, or F in Eqs. (3) and (4) is a dummy
grid, the respectivehL , h R , or hF will be set equal to the G’s � ctitious
cell value for no-slip boundary conditions.
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Fig. 3 Wall boundary treatment for surface patch.

Fig. 4 Two patched grid lines
before paring: ², line 1, original
and ¦, line 2, original.

Fig. 5 Two patched grid lines
after paring: ², line 1, processed
and ¦, line 2, processed.

The surface patch technique reduces the troublesome work of
dealing with the mutual restrictions of grid topology and density
between grid blocks in grid generation. Hence, appropriate grid
density and topology can be arranged principally according to the
� ow and geometry requirement.

Quasi-Point-to-Point Patch
As is well known, two grid surfaces discretized from the same

curved surface will hardly be identical if the arrangements of grid
points are different.Therefore, to maintain strictly the conservation
and accuracy, the surface patch technique requires the interfaces
to be planar. This rigorous restriction limits the application of the
surface patch.

When both of the patched grids are generated by stacking two-
dimensional grids, the study of the patching relation between the
three-dimensional grids can be focused on that of their spanwise
pro� le’s edge lines. Figure 4 shows two grid lines. The numbers and
clusteringof the nodeson them are different.Obvious mismatch can
be found.

Let A and B be two nodes on lines 1 and 2, respectively. Sweep
all of the nodes on the two lines. If the nearest node on line 2 to A
is B, and the nearest node on line 1 to B is A, then move the two
nodes to a same point, for example, the midpoint of them, which
is labeled as a paired node. Repeat the procedure until between
two adjacent pair nodes there are only unpaired nodes on either
line. Move the unpaired nodes on to the joint line of the pair nodes
by linear interpolation. Such a process is called pairing. Figure 5
shows the two lines after the pairing process. All of the deviations
between them are eliminated. The pared nodes are certainly one-
to-one matching. This is why the quasi-point-to-point patch is so
named.

With the quasi point-to-point patch, OAWR can be performed
on spanwise stretching bended interfaces. Because of the paring
process, the overlap relation can be determined with great ease.

Window Embedment Strategy
Grid

A novel multiblock structured grid generation approach, win-
dow embedment (WE) technique is employed. To explain the idea
of the method, the procedure of the grid generation about a two-
dimensional multi-element airfoil is used as an example.

A C-type grid is � rst generated about the baseline of the airfoil
without consideration about the cut for � ap, as shown in Fig. 6.
A window of interest is then assigned on the C-grid by selecting
a range of grid index in both the I and J directions. The window
must be large enough to hold the � ap. As shown in Fig. 7, an H-type
grid about the � ap is generated inside the window with its outer
boundariescoincidingwith the window’s envelopelines.The coveat
the main airfoil is now mimicked as a section of the upper boundary
of the � ap grid window.

When applied to realistic con� gurations, this window concept is
extended to a three-dimensionalform that is usually in a cube shape
with curvedsurfaces.For the same case of the partial-span� ap wing
in Refs. 2 and 3, a three-dimensionalwindow is assigned for the � ap
in the C–H grid about the wing. Inside the window, two blocks of
H–H grid is embedded to describe the � ap. Altogether, only three
grid blocks are required for numerical computationwith the present
approach (Fig. 8).

Computation
With the threepatchmethods,� ow� eld informationis exchanged,

during the numerical computation, in a conserved manner between
baseline and embedded grids at the window envelope surfaces rep-
resented by the bold solid line in Fig. 9. Although the baseline grid
cells within the window do not contribute to the � ow� eld com-
putation, they are kept in the iteration to maintain the integrity of
the baseline grid’s indices. The cells adjacent to the window en-
velope, such as those marked by O (Fig. 9), may play the role of
� ctitious cells for the baselinegrid’s block interfaceboundary treat-
ment by storing the conservationparameters reconstructedfrom the

Fig. 6 Window on wing grid.

Fig. 7 Flap grid in the window.
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Fig. 8 Three-dimensional WE grids for partial span � ap wing.

Fig. 9 Treatment of cells inside window.

embedded grids. The correct � ow information of the � eld region
enclosed by the window is provided by the embedded grids. The
erroneous information in the X cells does not enter the � ow com-
putation. The computation cost on the X cells is usually negligible
because of their comparatively small number.

The WE techniqueis somewhat like a combinationof the chimera
grid technique and the patch grid technique. On the one hand, WE
takes the advantages of the chimera technique’s embedding idea,
which makes it able to decompose a complex con� guration into
clean parts and then generategrids for them separately.On the other
hand, unlike the Chimera grid technique, the grid blocks are clearly
separated by interface surfaces, the window boundaries. No grid
overlapoccurs in WE, and therefore,no spatial interpolationin � ow
quantities of different grid meshes, which is often the cause for
nonconservationin the computation, is required.

With the WE strategy, HLNSWE is especially good at handling
complex con� gurations that can be decomposed into a main body
and accessorialparts. Fewer grid blocks are required for the compu-
tation than those for the patch grid technique because the baseline
grids are kept as a whole. Con� icts sometimes exist in grid den-
sity arrangement for these kinds of con� gurations. The accessorial
parts are usually relatively small in size and often need � ner grids
to reveal the � ow details. However, using grid of the same den-
sity to the main body is usually neither necessary nor affordable.
The present method can truncate the grid clustering at the block
interfaces. Hence grid waste is avoided.

The automation of grid generation is critical for a CFD code to
be practically used in engineering design. When generating multi-
block grids, the de� ning of the block boundaries usually demands
a great deal of manual manipulation. In WE, this time-consuming
labor can be avoided. The block boundaries of embedded grids are
constructed along the envelopes of the windows, the existent base-
line grid surfaces. No more geometric modeling is needed. In this
sense, the process of WE grid generation can be automated with
greater ease.

Fig. 10 Model 1 con� guration and surface grid.

Fig. 11 Model 2 con� guration and surface grid.

High-Lift Transport Con� gurations
Flow� eldsabouttwo wind-tunnelmodelsof a civil transporthigh-

lift con� gurationhave been experimentallystudied in the low-speed
wind tunnel of Nanjing University of Aeronauticsand Astronautics
and are numerically simulated with HLNSWE.

Model1 is thewing/bodycombinationmodel that originatedfrom
the now-abandonedChinese AE-100 airliner (Fig. 10). The AE-100
was designed to be a 100-seat commercial aircraft with low wings
mounted with twin jets. For purposeof the high lift, the supercritical
wing has been reshaped to host deployable slats and single-slotted
� aps. The model has a half-span of 1.75 m. The inboard/outboard
segmentationof the slat and � ap is at about33% half-span.The slats
cover the whole span, whereas the outboard � ap ends at 80% span.
The de� ection angle of slat and � ap are set to 25/40 deg for the
landing con� guration and 17/20 deg for the takeoff con� guration.

Model 2 is a preliminary design of the Chinese airliner ARJ-21
(Fig. 11) currently under development. The high-lift system is of
greater complexity because the � aps are double-slotted (vane/� ap)
ones. The slat and � ap are split spanwise at 38% half-span. The
outboard slat and � ap ends at 94 and 75% half-span, respectively.

The size of the wind-tunnel’s test section is 3 £ 2:5 m. In both
models’ tests, the freestreamMach number is 0.2, and the Reynolds
number based on the mean aerodynamics chord is 2 £ 106 .

Grid Generations
The grids in each block are generated with elliptical methods

developed by Thompson et al.14 Hilgenstoke’s method15 is applied
to adjust the source terms to control the spacingand orthogonalityof
the grid lines near the boundaries.When WE is applied to the three-
dimensional con� gurations of wing/body combination with slats
and � aps, an O–H-type baseline grid is � rst generated for the clean
fuselage.Accordingto the positionand size of thewing, a window is
assigned in the baselinegrid (Fig. 12). A C–H grid system wrapping
around the wing is then embedded in the window.
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Fig. 12 Wing grid embedded in fuselage grid window (axial pro� le).

Fig. 13 Spanwise pro� le of fuselage/wing/� ap/slat grid of model 1.

Fig. 14 Model 1 spatial grid.

With the same strategy, four windows are assigned on the wing
grid, two for slats and two for � aps. In each window, two blocks
of H–H grid systems are generated for the � ap or slat, one at the
upper side and the other at the lower side. To these blocks, the wing
grids succeed those of the fuselage as the baseline grids. In this
way, the WE can be recursively applied and, therefore, MLWE is
achieved.Figure 13 shows the three-layerembedment in a spanwise
pro� le.

In the present computation a total of 8:6 £ 105 grid points in
15 blocks are employed to simulate model 1. Figure 14 shows the
spatial topologyandembedmentrelationshipof thegridswith global
and closeup views of some characteristicgrid surfaces. It is easy to
see that the grid lines between layers in Figs. 12 and 13 are quasi-
point-to-pointpatched.Grid density increases gradually from outer
layer to inner layer to ensure appropriategrid resolutionfor regions
with different characteristic � ow scales.

Figure 15 shows one case of the treatment for geometry discon-
tinuity in model 1. The outboard � ap ends at 80% span. Therefore,
the surface patch technique is adopted here for interfacing between

Fig. 15 Surface patch grid interface at outboard � ap end.

Fig. 16 Span-wise pro� le of wing/slat/vane/� ap grid of model 2.

the � ap grid (solid lines) and the baseline wing grid (dashed lines)
outside the � ap window.

For model-2, one H–H grid block is added in each of the � ap
windows to simulate the vane. Figure 16 shows the difference with
Fig. 13. Both computation models strictly resemble the respective
wind-tunnel models. The wind-tunnel wall is not considered in the
grid generation because the experimental results claimed to have
wall interference corrected.

Numerical Results
Three con� gurations,correspondingto cruise, landing, and take-

off situations, are computed for the two models. In the cruise case,
the � aps and slats are stowed. In the presentMLWE grid generation,
the wing grid system is generated for the cruise condition (as de-
scribed in the “Window Embedment Strategy,” “Grid” subsection).
The shape of the main wing when � aps and slats are deployed is
corrected to its carved status by the embeddedgrids. Thus, when the
� ap and slat windows switch off, the computationwill be right back
for the cruise con� guration. Also with great ease, from the landing
con� guration to the takeoff con� guration, nothing but the � ap- and
slat-window grids are substituted.

Lift coef� cients vs AOA are plotted in Figs. 17a–17c with com-
parison to experimentaldata for all three con� gurationsof model 1.
The lift curves compare fairly well with test data in the linear range.
The angle of maximum lift in the computation results for the cruise
con� guration is behind by about 3 deg. The reason is attributed to
the occurrence of � ow separation in the cruise case because the
wing without slat and � ap is more likely to cause � ow separationat
high AOAs. It is believed that the present turbulencemodel can not
appropriately resolve the � ow separation accurately.
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a) Cruise b) Landing c) Takeoff

Fig. 17 Lift curves of model 1.

a) 21% span b) 40% span c) 72% span

Fig. 18 Pressure coef� cient of model 1’s clean con� guration, ® = 9 deg.

a) 21% span b) 40% span c) 72% span

Fig. 19 Pressure coef� cients of Model 1’s landing con� guration, ® = 17 deg.

a) 21% span b) 40% span c) 72% span

Fig. 20 Pressure coef� cient of Model 1’s takeoff con� guration, ® = 13 deg.

Similar problems can be found in the results of the landing and
takeoff cases. For the landing con� guration, the predicted angle of
maximum lift is earlier than the experimentaldata.However, for the
takeoffcon� guration,theangleseems to bewell predicted.The steep
drops in the lift after the maximum AOA are not simulated well for
all three con� gurations.All of these disagreementsdemonstrate the
inadequacy of the present turbulence model to massive separation
at high AOA.

For the pressuredistributionat the spanwisestationsfor the cruise
con� guration’s computational results, the agreements with experi-
mentaldata are good (Fig. 18).A slightoverpredictionof the suction
peak at leadingedge can be seen.Besides the accuracyof the present Fig. 21 Spatial streamlines for model 1, ® = 15 deg.
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a) 21% span b) 40% span c) 72% span

Fig. 22 Pressure coef� cient of model 2’s landing con� guration, ® = 16 deg.

a) 21% span b) 40% span c) 72% span

Fig. 23 Pressure coef� cient of model 2’s takeoff con� guration, ® = 12 deg.

method, an insuf� cient number of pressure transducersmay also be
responsible.

The results for the landing con� guration are also satisfying. At
the AOA of 17 deg, the � ow separation spread from outboard to
inboard on the upper surface of � ap, as shown by the position of
the upward bend on the pressure coef� cient curves of both numer-
ical and experimental results (Fig. 19). The H–H topology of � ap
gridsdemonstratesits disadvantagein leading-edge� owsimulation.
Nonphysicalleading-edgeseparationand the consequentnumerical
instability will occur at high AOA. This should be responsible for
the underpredictedsuction peak of the � aps. Such a problem is not
as serious in the results of the takeoff con� guration in Fig. 20 be-
cause the local AOA of the � ap is lowered by the smaller de� ection
angle.

In Fig. 21, the vortexes rolling up from the gap between the fuse-
lage and the edge of inboard � ap, from the edge of the outer � ap,
and from wing tip are seen clearly, demonstrating the ability of
HLNSWE in capturing the � ow details. At all of these edges, the
surface patch technique is applied. The streamlines cross the grid
interfaces smoothly. The feasibility of OAWR in dealing with ge-
ometry discontinuity is veri� ed.

The results of pressure distribution are also presented for
model 2’s two high-liftcon� gurations(Figs. 22 and23).The compu-
tational results are also in good agreement with experimental data.
The agreement of the results at the vanes is not as satisfying as at
other parts. This is because of the small size and thickness of the
vane, which requires both high grid resolution in the computation
and high-pressure transducer density in the experiment.

Although it is inherentlyeasy to be modi� ed to a parallel version,
the HLNSWE is currently run in a scalar manner. On a PentiumIII
733-MHz class personal computer with 384MB main memory, it
takes about 20 h to run 4000 iterations for model 1. At a medium
angle of attack (AOA), this number of iteration is usually suf� -
cient to have the residual decreased by 3 orders and the variation
of lift coef� cient in the last 100 iterations reduces to under 0.5%.
As a reference frame, it took the author about two work months to
set up the geometry and generate grids about the landing con� gu-
rations of Model-1. However, with this basis, the grid generation
about each of the other con� gurations was accomplished within a
single week, despite the geometry differencebetween model-2 and
model-1.

Conclusions
The HLNSWE code is used to simulate numerically the � ow-

� eld about high-lift con� gurations of transport aircraft. Results of
cruise, takeoff, and landinggeometries are presentedfor two design
modelswith realistic complexity.The computed results in the linear
range are in good agreementwith experimentaldata. The satisfying
computational results, which have been utilized in the aircraft de-
sign process, have validated the present method for application to
complex three-dimensionalhigh-lift problems.

The MLWE techniquegreatly reduces the dif� cultiesof grid gen-
erationfor complexgeometriesand dramaticallydecreasesthe num-
bers of both grid block and total grid pointwhile ensuringthe neces-
sary grid resolutionat key � ow regions.The surfacepatch technique
makes the simulation of geometry discontinuity very simple. The
OWAR technique guarantees the global conservation at the mis-
match interfaces.However, detailed simulationof viscous phenom-
ena at places such as the � ap and slat edges3 needs more carefully
design of grid embedment.

At the AOAs above maximum lift, much work on turbulence
modeling has to be done to improve the accuracy and reliability of
the present computationresults.Although k–! and S–A models are
commonly known as the best choices in high-lift research, their per-
formance in predicting the � ow� eld near stall is still not adequately
satisfactory.6;8

Limited by the computer resources,the presentcomputationsem-
ploy a relatively very small number of grid points, signi� cantly less
than the other reported similar work by an order or two. In addition
to the errors in test data and inadequate turbulence modeling, the
poor grid density is another primary factor that should be respon-
sible for the disagreement between computational results and test
data. For the improvement of the HLNSWE code’s capability, par-
allelization is believed to be a good measure, and the code is being
implemented thusly.
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