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Abstract

The paper presents results of large eddy simulations (LES) of flows around two different pyra-
mids with apex angles of60

o and90
o. The pyramids were studied in flows with a zero yaw angle

with respect to the incoming flow. The results of our simulations were compared with the existing
experimental data, showing good results. Both time-averaged and instantaneous flows resulting
from LES were investigated in detail and used to confirm or extend previous knowledge about
flows around pyramids.

1 Introduction

The flow around pyramids is relevant for several engineeringapplications. Roofs of buildings are
typical examples and the placement of chimneys or ventilation exits requires knowledge of the sur-
rounding flow. Some newer architectural designs choose a pyramid shape and, in cases where the
material is fragile (e.g. glass), the prediction of wind forces is important for a safe design. Other
examples of pyramid shapes can be found in representations of terrain in the form of mountain tops or
dunes.
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Figure 1: Computational domain and geometry.
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Martinuzzi and AbuOmar [1] experimentally investigated the flow around a square base, surface
mounted pyramid immersed in thin and thick boundary layers.Wake periodicy was observed for
flows with a thin boundary layer, contrary to the flow with a thick boundary layer. AbuOmar and
Martinuzzi documented the influence of the wall taper (in terms of pyramid apex angle) on the wake
flow for the pyramids with the objective to “relate the mean flow structure to the vortex shedding
process”. Martinuzzi [2] investigated the surface pressure fluctuations on sides of slender pyramids
in a thin boundary layer at zero yaw in an attempt to understand the attributes of the periodic vortex
shedding for pyramids of critical aspect ratios. In [2], Martinuzzi concludes that there exists a vortex
region at the base of the pyramid that sheds alternately fromopposite sides, while there is a hairpin
structure near the tip that sheds in-phase. This conclusionis based on investigation of velocity field
measurements combined with oil-flow visualization. Martinuzzi et al. [3] suggested that the ground
plane pressure distribution in the wakes of the pyramids could be scaled using an attachment length.
This length was measured in [3] from the upstream origin of the separated shear layer to the near-wake
attachment point on the ground plane.

The present work uses LES to explore its capability to predict the complex flow around pyramids.
Another goal of this work is to use the LES results to confirm previous knowledge about this flow and,
if possible, to add some new insight in this group of bluff body flows. Our hope is that the present
LES work can for example provide some explanation of the flow physics behind the periodic vortex
shedding found in the previous experimental work.

2 Description of the geometry and the set-up

The present work studies flows around pyramids from [1] immersed in a thin laminar boundary layer
δ ≈ 0.1h. Two pyramid shapes from [1] are studied in this work, one slender pyramid with apex angle
ζ = 60

◦ and another broad pyramid withζ = 90
◦. Both have a height ofh = 0.05 m and a square

base. They were studied at a zero yaw angle with respect to theincoming flow. The geometry of the
pyramid and definitions of angles are shown in figures 1 (b) and(c). In the experiments, the pyramids
were tested for a Reynolds number range of 10,000 to 50,000 based on the height of the pyramid.
In this work, only a Reynolds number of 33,000 is considered.This corresponds to a free-stream
velocity of U∞ = 10 m/s. Figure 1 (a) shows the computational domain. The span ofthe domain is
9.3h (h being the pyramid’s height) with the pyramid placed at the center of the span. The center of
the pyramid is located8h from the inlet and20h from the outlet. The height and length of the domain
are5.2h and29h, respectively.

3 Results

The presentation of the results starts with a validation against the existing experimental data. This
continues with a comparison of the time-averaged and instantaneous flows between the two pyramids
at a zero yaw angle. Only a small part of the results is presented here due to space limitations. Figure
2 shows comparisons of the velocity profiles in the wake of thewide pyramid. The agreement between
the LES results and the experimental data is good.

Figures 3 (a) and (b) show comparisons of vector plots of the mean velocity field projected on
the plane of symmetry between the simulation and experimentfor a pyramid with an apex angle
of 60

o. The agreement of the velocity fields between the LES and the experimental data is good.
Both recirculation bubbles in front of and behind the pyramid were found to agree well between the
simulation and the experimental data.

The averaged velocity streamlines projected onto the wind tunnel floor and surface of the pyramid
show good agreement with the oil flow visualization photograph from the experiment in figure 4.
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Figure 2: Averaged streamwise (U/U∞) and spanwise (W/U∞) velocity in the wake of the pyramid
at a)x/h ≈ 1.8, y/h = 0.25. b) x/h ≈ 1.8, y/h = 0.5. ζ = 90

◦, α = 0
◦.

a) b)Figure 2: Averaged streamwise ( ) and spanwise ( ) veloity in the wake of thepyramid at a) , . b) , . , .
(a) Experiment -2 -1 0 1 2 3h

21.510.50y h
(b) SimulationFigure 3: Vetor plot showing the mean veloity �eld projeted onto plane of symmetry( =0h) for = , = .

(a) Experiment (b) SimulationFigure 4: Oil �ow visualization from the experiment and partile trae-lines from the simu-lations. View from above. = , = .For the pyramid at an apex angle of , Martinuzzi (2) found the existene of two o-rotating vortex pairs attahed on the lateral sides of the pyramid. His onlusions weredrawn from the oil-�ow visualization, and he suggested the existene of two vorties behindeah other where the �rst vortex losest to the leading edge ( ) has a lokwise and theseond one ( ) has a ounter-lokwise diretion of rotation. Figure 5a shows the vortexpair found from the present LES. The vorties found in the LES have the same diretionof rotation as those suggested in Martinuzzi (2) but their position and size are di�erent.3
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(b) Simulation

Figure 3: Vector plot showing the mean velocity field projected onto plane of symmetry (z=0h) for ζ
= 60

◦, α = 0
◦ .

(a) Experiment (b) Simulation

Figure 4: Oil flow visualization from the experiment and particle trace-lines from the simulations.
View from above.ζ = 60

◦, α = 0
◦.

For the pyramid at an apex angle of60
o, Martinuzzi [2] found the existence of two co-rotating

vortex pairs attached on the lateral sides of the pyramid. His conclusions were drawn from the oil-
flow visualization, and he suggested the existence of two vortices behind each other where the first
vortex closest to the leading edge (VS1) has a clockwise and the second one (VS2) has a counter-
clockwise direction of rotation. Figure 5a shows the vortexpair found from the present LES. The
vortices found in the LES have the same direction of rotationas those suggested in Martinuzzi [2]
but their position and size are different. The second vortexVS2 in particular is much wider than the
one proposed in [2]. Only one vortex structure was observed on the lateral side of broad pyramid in
Fig. 5b in agreement with experimental observations [3]. The flow separates at the leading edge and
reattaches at approximately half the distance between the leading edge and the base of the pyramid
(Fig. 5b). Figure 5c and d compares the flow structures between the pyramids with60o and 90

o

apex angles. Both wakes display clear arch vortices but witha different angle of the vortex legs with
respect to the ground plane. The arch vortex behind the broadpyramid (90o apex angle) is parallel
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) d)Figure 5: Time-averaged �ow strutures around a pyramid with apex angles of a,) andb,d) .The seond vortex in partiular is muh wider than the one proposed in (2). Only onevortex struture was observed on the lateral side of broad pyramid in Fig. 5b in agreementwith experimental observations (3). The �ow separates at the leading edge and reattahesat approximately half the distane between the leading edge and the base of the pyramid(Fig. 5b). Figure 5 and d ompares the �ow strutures between the pyramids with andapex angles. Both wakes display lear arh vorties but with a di�erent angle of thevortex legs with respet to the ground plane. The arh vortex behind the broad pyramid( apex angle) is parallel with pyramid's rear fae. The top of the arh vortex for theslender pyramid (apex angle of ) is bent downstream indiating di�erent �ow regimes inthe upper part of the wake. This is in agreement with the observations in the instantaneous�ow of two di�erent regimes in vortex shedding between the �ow near the base and aroundthe pyramid tip.Referenes[1℄ Martinuzzi, R.J. AbuOmar, M. 2003 Study of the �ow around surfae-mounted pyra-mids. Exp Fluids 34, 379-389.[2℄ Martinuzzi, R.J. 2008 Dual vortex struture shedding from low aspet ratio, surfae-mounted pyramids. J. of Turbulene 9, N28, 1-16.[3℄ Martinuzzi, R.J., AbuOmar, M. Savory, E. 2007 Saling of the Wall Pressure FieldAround Surfae-Mounted Pyramids and Other Blu� Bodies. J. of Fluids Engng 129,1147-1156.
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c) d)

Figure 5: Time-averaged flow structures around a pyramid with apex angles of a,c)60o and b,d)90o.

with pyramid’s rear face. The top of the arch vortex for the slender pyramid (apex angle of60
o) is

bent downstream indicating different flow regimes in the upper part of the wake. This is in agreement
with the observations in the instantaneous flow of two different regimes in vortex shedding between
the flow near the base and around the pyramid tip.
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