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Abstract
The dispersion of a contaminant in an urban environment has the potential to impact a 
large population of people. In this work, a complex urban canopy fow based on the Okla-
homa City downtown business district circa 2003 is studied using Magnetic Resonance 
Imaging (MRI) and high-fdelity Large Eddy Simulations (LES). MRI is a novel experi-
mental technique that can provide high-resolution measurements in four dimensions (three 
spatial and temporal) for lab scale models. The experiments and simulations use the same 
geometry and boundary conditions providing a one-to-one comparison of the two methods. 
Results are presented on the time-averaged velocity and concentration felds, the temporal 
dynamics of the concentration plumes for a transient release, and a novel Cloud Identifca-
tion Algorithm that can separate plumes produced by periodic contaminant releases used 
for ensemble averaging over many releases. The MRI and LES datasets both include mil-
lions of measurement voxels and the comparisons highlight the complex 3D nature of the 
fow including strong vertical velocities in spanwise street canyons and fow acceleration 
in streamwise street canyons. The concentration felds are qualitatively similar albeit the 
LES shows larger dispersion. A quantitative analysis with performance measures compares 
the datasets pointwise and demonstrates that the two 3D datasets are similar with respect 
to many measures including a fractional bias of 0.02 (ideal=0.0), correlation coefcient of 
0.87 (ideal = 1.0), and the fraction points within a factor of 2 is 0.98 (ideal = 1.0). Plume 
analysis compares the arrival and residence time of contaminant and is found to vary sig-
nifcantly with location within the urban environment with arrival times between 0 and 
1.25 and diferences within the contaminant cloud less than 10% at most locations.
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Article highlights

•	 The complex and spatially and temporally varying fow of a contaminant through an 
urban environment is studied using experiments and high-fdelity simulations.

•	 Regions around buildings with particularly high and low contaminant concentrations 
are observed due to the presence of vortices in spanwise street canyons and the entrain-
ment of clean freestream fuid due to vertical fow behind buildings.

•	 The resultant data sets provide millions of measurement points and predictions that can 
be used to assess other models.

Keywords  Large Eddy simulation · Oklahoma city · Street canyons · Pulsed injection

1  Introduction

Urban environments combine a large population with the potential for health hazards due 
to the airborne dispersion of pollutants and chemicals. For example, vehicle trafc and 
industrial processes can increase the concentrations of aerosols and small particulates 
which adversely impact the respiratory and cardiovascular health of residents [1]. Emer-
gency preparedness in the event of an accidental or intentional release of harmful chemi-
cals or biological agents is also a concern of local and federal agencies [2]. Urban planners 
and emergency response personnel rely on predictive models of fow and scalar transport 
through urban areas to understand dispersion characteristics, develop regulations, forecast 
scenarios, and respond in real-time.

Modeling the urban canopy is challenging due to the wide range of length and time 
scales, both in the heterogeneity of building sizes and arrangements, and in the characteris-
tics of the turbulence produced by the urban canopy fow [1, 3]. Near-feld dispersion over 
the street and neighborhood scale in particular has an important efect on contaminant con-
centrations within the immediate vicinity of a release point [4, 5]. Understanding the mech-
anisms of near-feld dispersion is also important for modeling the large-scale extent of the 
plume as it evolves downstream. Initial plume spread is governed by a combination of tur-
bulent dispersion due to eddies within the urban canopy sublayer and mean fow dispersion 
around buildings [6]. The latter can lead to non-intuitive dispersion characteristics such 
as cross-wind spread, efectively increasing the spatial extent of the release as seen by the 
far-feld [7, 8]. Contaminant concentrations have also been observed to vary sharply across 
intersections [9] and become channeled within street canyons [10]. Vertical transport in the 
wakes of isolated tall buildings is another important mechanism for enhancing fuxes out 
of the urban canopy [11]. These types of observations have underscored the importance of 
developing fast-running, ‘building-aware’ models that explicitly resolve the local building 
geometry (c.f., [12–16]), as well as the application of high-fdelity simulations and experi-
ments to investigate near-feld interactions.

Large eddy simulation (LES) is used to provide high-fdelity, three-dimensional mean 
fow and turbulence statistics for urban canopy fows. LES employs fewer modeling 
assumptions than Reynolds-Averaged Navier–Stokes (RANS) simulations, and therefore 
incurs lower model form uncertainty, making it an attractive technique for fundamental 
physics studies and for reduced-order model development [17]. For example, Brown et al. 
[18] used LES to simulate the dispersion of a contaminant in an urban environment and 
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found very good comparisons with experimental results. Gousseau et  al. [19] simulated 
near-feld pollutant dispersion using a geometry based on downtown Montreal. Compari-
sons to dispersion around simple, isolated buildings identifed common regions of coun-
ter-gradient transport mechanisms and the signifcance of mean fow dispersion on lateral 
and vertical transport. Akinlabi et  al. [6] also concluded that mean fow dispersion can 
be comparable to turbulent dispersive efects using a formal spatial averaging procedure 
applied to their LES data. Letzel et al. [20] and Cai et al. [21] used LES to quantify the 
shear layer dynamics at the top of street canyons and found intermittent vertical turbulent 
fuxes. Similarly, Llaguno-Munitxa et  al. [22] examined the infuence of rooftop geom-
etry on the street canyon fow using LES validated against experimental measurements. 
García-Sánchez et al. [17] performed LES of the downtown Oklahoma City business dis-
trict, based on the Joint Urban 2003 (JU2003) feld tests [23], to evaluate prediction difer-
ences between the high-fdelity simulations and RANS. Kurppa et al. [24] applied LES to 
understand air-quality hazards within realistic urban canopies. Many of these ideas depend 
on turbulent dispersion which has been the focus of a few LES studies, e.g., [25–27]. The 
above studies present a representative but not exhaustive list of the application of LES to 
urban canopy fow studies, and the reader is referred to additional studies and the refer-
ences therein, including [28–31].

Despite the success of LES in exploring the fundamental physics of urban canopy 
fows, and for evaluating simplifed transport and dispersion models, these simulations 
still require experimental validation. This is because most LES computations utilize grids 
that are too coarse to explicitly resolve the dissipative turbulence scales or boundary layers 
along building surfaces, and therefore require subgrid and wall models, respectively [32]. 
Additionally, the LES simulations often have uncertainties in infow boundary conditions 
and often use simplifcations of terrain, building facades, roofs, etc. Ideally, validation 
experiments can be used to identify and improve LES models. García-Sánchez et al. [17] 
reviewed fve diferent LES studies that made comparisons to experimental feld test data, 
and also conducted simulations of the JU2003 campaign as summarized above. Uncer-
tainty in the LES results, as measured by discrepancies with experimental observations 
and formal uncertainty quantifcation obtained via an ensemble of simulations, revealed 
that infow or boundary condition uncertainties accounted for a signifcant component of 
the observed diferences. The sparsity of measurements for feld tests were also cited as a 
challenge for validation.

Boundary conditions are inherently uncertain in feld measurements due to the complex-
ity of the incoming atmospheric boundary layer and the often limited meteorological data 
available. While variable atmospheric conditions are important for capturing the complete 
dynamics of dispersion, these uncertainties make it difcult to evaluate the performance of 
LES simulations. For this reason, researchers also rely on wind tunnel and water channel 
experimental data obtained using optical [33, 34] and probe-based techniques [22, 35, 36]. 
These studies provide valuable data on mean and turbulence statistics with well-controlled 
boundary conditions; however, measurements are limited to select planar and point-wise 
data due to limitations of physical and optical access within the urban canopy.

Recently, magnetic resonance imaging techniques have been applied to water channel 
studies of urban canopy fows to complement optical and probe-based techniques by pro-
viding the ensemble-averaged, three-dimensional (3D) velocity and concentration felds 
throughout urban canopy arrays [11, 37]. MRI methods provide a unique opportunity to 
explicitly evaluate high-fdelity LES predictions of mean fow dispersion for scale urban 
models with well-specifed boundary conditions.
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In this work, the near-feld dispersion in an urban environment is studied by compar-
ing an LES simulation to a four-dimensional (three spatial dimensions and one temporal 
dimension) data set measured with Magnetic Resonance Imaging (MRI). The MRI tech-
nique provides roughly 1.7 million measurements of contaminant concentration and veloc-
ity vectors at 12 times [37]. In addition to the detailed output, the data set also contains 
well-characterized boundary conditions to make a one-to-one comparison between simula-
tions and experiments at millions of spatial locations in the domain feasible. The LES sim-
ulation of contaminant dispersion is performed with Simcenter STAR-CCM+ by Siemens. 
The simulation is conducted using a computational mesh with approximately 6.9 million 
grid cells. An incompressible solver is used to solve for the velocity feld which advects 
the contaminant with standard turbulence models. The simulation uses the same geometry 
as the experiments and boundary conditions are provided from MRI measurements of the 
velocity at the infow plane.

The two datasets provide a one-to-one comparison of the complex fow of a contami-
nant in an urban environment and (1) build confdence in the novel transient MRI meas-
urement technique and (2) allow for interesting fow dynamics within the complex urban 
environment to be studied. This manuscript provides a description of the experimental and 
numerical methods, a comparison of temporally averaged quantities, transient results from 
the pulsed contaminant release, and results from a novel algorithm that is used to identify 
unique contaminant clouds from the periodic pulsed results.

2 � Methods

2.1 � Geometry and fow confguration

This section describes the geometry and setup used in both the experiment and simula-
tions. The setup for this work consists of a 1:2206 scaled model of downtown Oklahoma 
City shown in Fig. 1a. This location has been the focus of many studies due to the large 
scale Joint Urban 2003 experiment conducted here [38] Many subsequent works have been 
performed including analysis of the contaminant statistics in a full-scale experiment [39], 
additional characterization in wind [40] and water [37, 41] tunnel experiments, compari-
sons with simulations [18], and models [42], to name a few. The scaled model is placed 
within a 2.2 m long water tunnel (see Fig. 3) that mimics the atmospheric fow through 
the urban environment. This water tunnel has been used for a number of studies of urban 
fows [11, 18, 37, 43]. The apparatus consists of a fow development section with difus-
ers, a contraction, and a roughness section, followed by the urban canopy model. The test 
section has a rectangular cross-section of 196 mm in width and 110 mm in height, which 
is designed to ft in the MRI system. By comparison, the Colcord Hotel depicted near the 
center of the domain in Fig. 1 is 20 mm tall at the model scale.

Although the water channel is a confned domain in contrast to the true atmospheric 
fow, the blockage area is approximately 4 % in the vicinity of the Colcord Hotel and the 
intersection adjacent to the Westin. These streamwise locations are the primary regions 
used for comparison with the simulation results. Further downstream around the groupings 
of tall buildings, the blockage ratio increases to about 27% . However, this increase in the 
blockage area afects the fow only near the end of the experimental feld of view, which 
is described below. This region is not a primary focus of the analysis and comparisons. 
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Additionally, the simulation framework will reproduce experimental no-slip boundary con-
ditions on the side and top walls of the channel to enable a one-to-one comparison, includ-
ing efects such as the blockage area.

Although the water channel is a confned domain in contrast to the true atmospheric 
fow, the blockage area is approximately 4 % in the vicinity of the Colcord Hotel and the 
intersection adjacent to the Westin. These streamwise locations are the primary regions 
used for comparison with the simulation results. Further downstream around the groupings 
of tall buildings at the end of the experimental feld of view, the blockage ratio increases 
to about 27% . This region is not a primary focus of the analysis and comparisons. While 
large, the efects of this blockage ratio are limited to the downstream end of the test section 
as supported by previous studies. In particular, Wang et al. [44], found that the impact of 
blockage on the fow upstream of where the blockage occurs is small. Additionally, a simi-
lar Oklahoma City geometry has previously been used in experiments on steady contami-
nant releases, and data were compared with simulations in an unconfned domain, which 
showed that the walls and blockage efects had little impact on the velocity feld in the 
region of interest [45]. Finally, in this work, the simulation framework contains the walls 
and therefore will reproduce experimental no-slip boundary conditions on the sides and top 
of the channel to enable a one-to-one comparison, including any confnement efects such 
as the blockage area.

Water was used as the working fuid for both the experiment and simulation which mim-
ics a neutrally-stratifed boundary layer. The fow rate in the main channel was 390 ls per 
minute, which results in a bulk average velocity of 0.3 m/s. For reference, Fig.  2 plots 
the boundary layer profle obtained from the experiments near the end of the roughness 
section. The profle was averaged in the spanwise direction as described in [37]. A best 
ft of the logarithmic velocity profle with Karman constant � = 0.41 estimates a friction 
velocity of u∗ = 0.042 m/s and a roughness height of z

0
= 0.7 mm [46, 47]. Note that the 

Fig. 1   Urban environment geometry (a) and injector (b)



	 Environmental Fluid Mechanics            (2025) 25:5     5   Page 6 of 23

velocity profle departs from the logarithmic behavior beginning at approximately the 
height of the Colcord Hotel. Using the viscosity of water at 20 °C and the lego rough-
ness height of h = 1.8 mm, the dimensionless roughness element height in viscous units is 
h+ = u∗h∕� = 75 . Similarly, the roughness Reynolds number is Re∗ = u∗z

0
∕� = 29 . There-

fore, the upstream boundary layer is in the fully rough regime [47].
The building Reynolds number is defned as ReH = UH∕� = 6000 for urban-like can-

opies, where U is the bulk velocity, H is the height of the Colcord Hotel, and � is the 
kinematic viscosity of water at 20 °C. Alternatively, a velocity scale taken near the top 
of the Colcord Hotel would yield a similar Reynolds number magnitude as evidenced by 
the boundary layer profle in Fig. 2. This Reynolds number indicates that the fow will be 
fully turbulent and provides an approximation of the atmospheric fow through an urban 
environment because the large eddies responsible for the dispersion of the plume are rep-
resented. Previous studies have shown that results for fow and dispersion in the wake of a 
building are independent of Reynolds number when the Reynolds number exceeds a criti-
cal value. The critical value varies but has been found to be roughly 4000 to 11,000 and 
depends on the state of the upstream boundary layer [48–53]. For highly rough turbulent 
boundary layers and building heights less than the boundary layer thickness, similar to this 
experiment, [51] found that the critical Reynolds number is closer to 4000. The Reynolds 
number in this study is greater than this lower bound and of similar magnitude to the range 
of critical Reynolds numbers. While larger Reynolds numbers are typically desired to pro-
duce the widest spectrum of turbulence scales, the chosen fow conditions were selected 
due to a tradeof between pumping capacity, compatibility of the test section size with the 
MRI diagnostics, increasing the Reynolds number by increasing the building heights, and 
minimizing the blockage ratio of the buildings within the channel.

The contaminant is released from an injector and the crossfow advects the contaminant 
through the urban environment. Details of the injector are shown in Fig. 1b. The contami-
nante enters through the infow duct (bottom right), turns 90 degrees through the injector, 
and exits at the top where a horizontal circular plate redirects the contaminant momentum 
radially outward. The horizontal circular plate is held in place by three supports. The diam-
eter of the injector tube where it meets the test section foor is 8 mm, and the circular plate 
is 20 mm in diameter and 3 mm above the test section foor. Therefore, the injector in the 
small-scale models is comparable to a low-level building structure. The simulation models 

Fig. 2   Boundary layer profle at 
the end of the roughness section. 
A best ft of the logarithmic 
velocity profle estimates the 
friction velocity to be u∗ = 0.042 
m/s and the roughness height to 
be z0 = 0.7 mm. The heights of 
the Colcord Hotel and the lego 
roughness elements are indicated 
for reference
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the full injector geometry in order to capture any near-feld disturbances to the urban can-
opy fow.

The injection of contaminant is performed using a periodic or pulsed injection consist-
ing of a 1-hertz cycle with roughly 0.4 s with the injection on followed by 0.6 s with the 
injection of. This periodic injection allows for computing fow statistics ensemble aver-
aged over many injections. The measured injection fow rate from the experiment and a 
modifed rate used in the simulations are shown in Fig. 4. The injection fow waveform is 
identical for the frst 0.435 s. After this time the experimental fow rate shows a fuctuating 
fow with negative and positive velocities when the injection fow stops due to inductance 
within the inlet tubing. The simulation contaminant velocity was set to zero from t = 0.435 
s through t = 1s to avoid issues associated with a negative infow velocity. While the exper-
iment exhibits some oscillatory fow, the efect on the total volume of contaminant injected 
is negligible (c.f. [37]) additionally the transition time of 0.435 s was chosen such that the 
net fux of contaminant into the domain during each injection event is equal for both the 
experiment and simulation. The peak injector fow rate was 1  l per minute, which corre-
sponds to an average radial outfow velocity of 0.08 m/s at the edge of the injector.

2.2 � Experimental methods

The three-dimensional (3D), ensemble-averaged velocity and concentration felds were 
measured using magnetic resonance imaging (MRI) techniques as described in detail by 
Homan et  al. [37], and a brief overview is provided herein. The main channel fow was 
supplied by two centrifugal pumps and controlled using a paddle wheel fow meter and 
diaphragm valves. The injection fow was supplied by a centrifugal pump and computer-
controlled solenoid valve system to generate the pulsed injection waveform. The fow rate 
injection waveform was measured using an ultrasonic fow meter (Transonic Systems PXL 
fow probe). The fow was routed from large reservoirs, through the pumps, and to the 
channel using reinforced fexible tubing.

Data were acquired using a clinical grade 3 Tesla GE Signa Discovery 750 MRI system 
at the Richard M. Lucas Center for Imaging at Stanford University. Magnetic resonance 
velocimetry (MRV) and magnetic resonance concentration (MRC) measurements were 
performed using a phase-locked, three-dimensional phase contrast sequence [54]. The scan 
sequence was phase-locked to the injection waveform using a TTL signal routed through 
an ECG emulator which triggers the gating software of the MRI system. The Fourier-space 
image data were collected and sorted into six equally-spaced temporal phases over the 
injection cycle and then linearly interpolated in time to 12 temporal phases prior to apply-
ing the reconstruction algorithm to convert data into physical-space images. Therefore, the 
reconstructed temporal resolution was 1/12th of the injection cycle as indicated in Fig. 4. 
The spatial resolution was 1.5 mm in each direction covering a feld of view that was 
256 mm × 204.8 mm × 138 mm in the streamwise (x), vertical (y), and spanwise (z) dimen-
sions, respectively. Note that the x, y, z coordinate system is shown in Fig. 1. This feld of 
view encompasses the rectangular test section and external components such as the injector 
piece to prevent aliasing of the MRI signal from fuid regions outside of the feld of view. 
The feld of view is divided into measuremnt cubes refered to as voxels. The 1.5 mm voxel 
resolution corresponds to 3.3 m spatial resolution at full-scale. The choice of spatial and 
temporal resolutions was made to balance the fdelity of the data against the scan times 
needed to acquire the data. With these parameters, the MRV and MRC scans took approxi-
mately 6 and 12 h, respectively. Once the data are collected, several days are required to 
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post-process the data, remove spurious vectors due to partial volume efects, and apply the 
concentration stitching technique combining multiple MRC scans as described in [55].

Velocity and concentration data were acquired in separate MRV and MRC scans. For 
the MRV, the velocity encoding values (VENCs), which determine the maximum measur-
able velocity, were set to 0.8 m/s in each direction. A 0.06 M solution of copper sulfate 
(CuSO4) was added to the water in order to enhance the signal-to-noise ratio. This con-
centration of CuSO4 has a negligible efect on the fuid properties. A series of alternating 
scans with the fow on and fow of were conducted. These scans were averaged and the 
fow of scans were subtracted from the fow on scans to correct for imaging artifacts due to 
eddy currents. Additional details of the MRV technique can be found in [56] and [37]. The 
average uncertainty in each velocity component over the feld of view was calculated to be 
0.0169 m/s, or 5.4% of the bulk velocity in the channel. However, the local uncertainty for 
diferent voxels varies based on the local velocity magnitude and turbulence level. There-
fore, the average relative uncertainty computed over the feld of view, excluding regions 
with near zero velocity, is approximately 4.3 % of the local velocity magnitude. Further 

Fig. 3   Water tunnel used for the experimental measurements. Key dimensions include 238  mm for the 
length of the roughness section and 567 mm for the length of the city model. Additional dimensions and 
details of the water tunnel are included in [37]. The purple rectangle shows the portion of the experiment 
used in the simulations. The infow boundary condition used in the simulation was measured experimen-
tally

Fig. 4   Flow rate of contaminant injection measured in the experiment and used in the simulation. The blue 
colored bars with associated numbers indicate the 12 phases where the mean velocity and concentration 
data were computed
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restricting the region of interest to heights within the urban canopy yields an average rela-
tive uncertainty of 7.8% of the local velocity magnitude.

For the MRC scans, the same scan sequence was used with the VENCs set to 8 m/s such 
that the images are insensitive to fuid motion. MRC measures the concentration of the 
injected fuid by using the relationship between the image magnitude and the concentra-
tion of injected CuSO4 as a contrast agent. Specifcally, image magnitude increases with 
increasing CuSO4 concentration, and the relationship is linear over a range of concentra-
tions. The MRC technique requires data from multiple background, reference, and standard 
scans as described in [57] and [55]. Background scans consist of scans with water fowing 
through both the main channel and injector, reference scans fow a 0.02 M CuSO4 solution 
through the main channel and injector, and standard scans imaging the mixing between 
pure water in the main channel and 0.02 M CuSO4 solution in the injector. Repeated scans 
of each type are averaged together and combined to produce a concentration feld that var-
ies from zero in the main fow to unity in the injector. Additional scans injecting higher 
concentration CuSO4 solutions were also acquired and combined with the standard scans 
to reduce uncertainty within dilute regions of the plume as described in [55]. This resulted 
in a fnal experimental uncertainty that was 2.2% of the injected concentration within the 
dilute regions of the plume.

2.3 � Simulation methods

The simulation is performed on the simulation domain shown in Fig. 3 using Simcenter 
STAR-CCM+ by Siemens. A WALE subgrid-scale turbulence model is used with the 
large-eddy simulation (LES) methodology. The contaminant is modeled as a passive scalar 
that is advected by the fow and disperses due to turbulence. The unresolved dispersion is 
modeled using a turbulence dispersion model with a subgrid-scale turbulent Schmidt num-
ber of 0.9. This is a standard set of turbulence models (defaults in STAR-CCM+) and pro-
vides a reference for how a standard LES simulation compares with the MRI experimental 
measurements. The timestep size was chosen to limit the convective Courant-Friedrichs-
Lewy (CFL) number to be less than 1.

The computational mesh is shown in Fig. 5, which consists of 6.9 million polyhedral 
grid cells. The mesh resolution is the fnest around the contaminant injector and gets pro-
gressively coarser moving away from the injector. Additionally, the mesh is further refned 
near solid boundaries by using two prism layers. The largest computational cells have a 
size of roughly 4  mm, however the largest computational cell size within the region of 
interest (MRI measurement region) is 1.2 mm, which is about the same size as the MRI 
measurement cells that have a size of 1.5 mm. The mesh resolution was determined after 
performing a mesh-independent study looking at the velocity and contaminant. Figure 6 
shows the 5% isosurface of contaminant on coarse (1 million), medium (4 million), and 

Fig. 5   Computational mesh, shown in black, on a plane through the middle of the urban environment. The 
mesh contains the base size and three refnement zones each with increased resolution. The locations are 
indicated by the labels. Buildings are shown in transparent blue. Labels on particular buildings are used 
when discussing the mesh resolution
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fne (6.9 million) grids. For reference, the fne mesh has 50 grid cells across the diameter of 
the injector within the Refne 3 zone, 21 cells across Building A within the Refne 2 zone, 
and 13 cells across Building B within the Refne 1 zone, where these buildings and refne-
ment zones are identifed in Fig. 5. All the solutions have similar main features with the 
medium and fne being very similar. Note that the contaminant feld depends on both the 
advection and dispersion of contaminant and convergence of this feld assess that both the 
velocity and contaminant felds are mesh independent. These fndings are similar to previ-
ous work that used simulations of the same water tunnel and observed mesh-independent 
results on a mesh with roughly 5 million cells [43].

Boundary conditions for the LES simulations include the streamwise velocity infow 
(purple arrows in Fig. 3), contaminant inlet within the injector, outlet, and solid walls of 
the urban environment. For the streamwise velocity infow, the time-averaged velocity was 
measured using MRI near the beginning of the roughness section on a two-dimensional, 
streamwise-normal plane covering the entire cross section (Fig. 3). This full mean velocity 
plane is used as the boundary condition in the LES simulations along with a 3% turbulence 
intensity. The low turbulence intensity is characteristic of the upstream fow conditioning. 
Placing the simulation inlet plane at the upstream end of the roughness section allows the 
turbulent LES boundary layer to naturally evolve over the roughness elements, consistent 
with the experiment. The top and side walls are smooth surfaces. All walls are modeled as 
no-slip boundaries with the bottom-wall roughness and the downstream buildings explic-
itly resolved, and the outlet is an outfow condition. The contaminant injection fow rate 
used in the LES is shown in Fig. 4 and is based on the experimental measurement. A uni-
form velocity profle is specifed at the entrance to the injector (Fig. 4).

Simulation results are collected once the simulation reaches a stationary state. To 
achieve a stationary state in the crossfow, at least 10 fow-through times were simu-
lated. The fow-through time is defned based on the mean streamwise velocity (0.3 m/s) 
and length of the simulation domain (1.1 m), which gives a fow-through time of 3.7 s. 

Fig. 6   Isosurfaces of contaminant colored by the vertical height (mm) of the isosurface. Results are shown 
on coarse (left), medium (center), and fne (right) computational meshes and at a time of 0.46 (top) and 
0.79 (bottom). These times correspond with phases 6 and 10 of the contaminant injection (see Fig. 4)
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Therefore, simulations were run for at least 37 s before results were collected. This time to 
achieve a stationary state incorporates 37 contaminant injection events which are sufcient 
to remove any transient injection artifacts. Results are collected, in a method similar to the 
experiments, where the 1 hertz injection period is divided into 12 bins. Contaminant and 
velocity are time-averaged within each of these bins over at least 10 injection pulses (10 s).

The fne mesh is used to generate results in all the subsequent sections. With this mesh 
and the fow through times discussed above, the simulations required roughly one week 
on the Hyalite high-performance computing (HPC) resource at Montana State University 
which has 16 CPU Xeon CPU nodes.

3 � Comparison of LES and MRI results

The simulation and MRI measurements provide four-dimensional datasets (three-spatial 
and time). These data-rich results are compared in this section. To allow for comparison, 
the LES dataset was interpolated to a grid that matches the MRI measurement cells.

3.1 � Time‑averaged velocity

The time-averaged velocity streamwise velocity (x-direction) is shown in Fig. 7. The results 
are shown at three heights described with the images in the left column. The heights are 
defned with-respect-to H, which is the height of the Colcord Hotel (Fig. 1). LES results 
have been cropped to the region of interest that includes the injector and some of the down-
stream buildings. This is the region where MRI measurements were taken. Overall, the 
LES and MRI agree very well and both capture the main characteristics of the fow. For 

Fig. 7   Comparison of time-averaged streamwise velocity in (m/s) for LES (b) and MRI (c) and the dif-
ference between them (d). Results are organized by rows that vary the non-dimensional height of the cut 
plane. The height associated with each row is shown by the plane in the left column (a)
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example, the streamwise velocity is accelerated when passing between buildings and large 
velocities are present in both the LES and MRI results in the street canyons that are aligned 
with the fow. The magnitude of velocities is very similar at all heights and locations. The 
diference between the LES predictions and MRI measurements is shown in column (d). 
The largest diference appears at lower heights (0.2H and 0.5H), where the velocity enter-
ing the measurement domain is diferent in the LES simulations than in the MRI measure-
ments. The LES predicts overall lower velocities at these heights and more variation in 
the spanwise direction (z-direction). This velocity diference will impact the contaminant 
transport which depends on the velocity. This could be a result of an error with the infow 
boundary condition or challenges in resolving the boundary layer that develops over the 
roughness section.

The time-averaged vertical (y-direction) velocity is shown in Fig. 8. This velocity shows 
how the fow rises and falls due to the complex urban environment. In some spanwise street 
canyons, particularly those with taller buildings downstream, there is a large negative verti-
cal velocity. This is due to the large buildings blocking the streamwise fow and causing 
acceleration in the vertical and spanwise directions. The diference between the LES pre-
dictions and MRI measurements is shown in column (d). The largest discrepancies occur 
where there are large gradients in vertical velocity near buildings.

Streamlines in the velocity feld within some interesting areas of the fow are shown in 
Fig. 9. The lower set of streamlines (starting at a smaller z location) enters the measure-
ment region from the crossfow and enters into the region between two medium-tall build-
ings. The fow swirls around in this street canyon before exiting over the top of the down-
stream building where it then enters the next space between two buildings and brings the 
fuid down into this region. The LES and MRI agree very well in the prediction and meas-
urement of these phenomena. The upper set of streamlines enter a longer spanwise street 
canyon and swirl in a spanwise vortex before exiting down a streamwise street canyon. The 

Fig. 8   Comparison of time-averaged vertical velocity in (m/s) for LES (b) and MRI (c) and the diference 
between them (d). Results are organized by rows that vary the non-dimensional height of the cut plane. The 
height associated with each row is shown by the plane in the left column (a)
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idea of the fow around nearby buildings has been investigated [58, 59], but this work pro-
vides insight into just how complex these fows can be in realistic urban environments. The 
reasonably good agreement seen between the LES and MRI results highlights how useful 
both of these techniques are in measuring or predicting these complex fows.

Isosurfaces of positive Q-criterion are a common method for identifying vortices in 
a turbulent fow [60]. Figure 10 compares the 0.005 isosurfaces of Q-criterion. Most of 
the structures identifed with the Q-criterion are on the edges of buildings, particularly 
the edges of tall buildings that are directly hit by the incoming streamwise fow and 

Fig. 9   Streamlines in the time-averaged LES (blue) and MRI (red) velocity felds

Fig. 10   Comparison of 0.005 isosurfaces of Q-criterion for LES (left) and MRI (right). The green arrow 
indicates a large vortex around the edges of a tall building. The red arrow indicates a prominent vortex in a 
spanwise street canyon
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have the largest vortices (green arrow in image). Furthermore, the fow within some 
street canyons generates a strong vortex, particularly the long but narrow spanwise 
street canyons that have the strongest vortices (red arrow in image). The locations and 
sizes of the vortices identifed with the Q-criterion are very similar between the LES 
and the MRI results with slightly smaller vortices identifed by the LES near the ground 
and at the roof level.

3.2 � Time‑averaged contaminant

The time-averaged contaminant volume fraction is shown in Fig. 11. This quantity can also 
be described as the dose of contaminant observed at each location. High concentrations are 
observed, as expected, at the lower elevations, close to the contaminant injector in both the 
LES and MRI measurements. Downstream, both high and low concentrations are observed 
due to the presence of the buildings. For example, a high concentration of the contaminant 
is found in the wake of the low building next to the injector ( +z-direction). Contrarily, a 
low contaminant concentration is found in spanwise street canyons where there is a large 
negative vertical velocity that moves clean (uncontaminated) fuid from high in the urban 
environment into the low region. These noteworthy characteristics are observed in both the 
LES and MRI results. The diference in the LES predictions and MRI measurements are 
shown in column (d). The LES consistently overpredicts the rate of dispersion of the con-
taminant as indicated by higher concentrations on the edges of the plume (red colors in col-
umn (d)) and lower concentrations in the middle of the plume (blue colors in column (d)).

To quantify the similarity or diference between the LES prediction and MRI measure-
ments statistical performance measures [61] were computed and shown in Table  1. The 
table provides the ideal values based on a perfect LES prediction of the MRI observations 

Fig. 11   Comparison of time-averaged contaminant volume fraction for LES (b) and MRI (c) and the dif-
ference between them (d). Results are organized by rows that vary the non-dimensional height of the cut 
plane. The height associated with each row is shown by the plane in the left column (a)
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and the value computed from the actual simulation and measurements. Note that many of 
the statistics are only well defned where the contaminant is non-zero, therefore only loca-
tions where the minimum LES and MRI concentration is greater than 0.1 are used to com-
pute the statistics. Many of the computed statistics are very close to the value from an ideal 
model indicating the predictions are statistically similar. The normalized mean square error 
and correlation coefcient statistics have the largest discrepancies.

3.3 � Pulsed contaminant results

The MRI measurements provide the contaminant concentration at twelve times within each 
period of the pulsed contaminant injection. The LES results were also averaged over mul-
tiple periods for comparison with the MRI measurements. Figure 12 shows an isosurface 
of the contaminant concentration at diferent times. The frst column shows the time and 
where this time is within the injection pulse (see Fig. 4). The isosurfaces are colored by 
vertical position or height. At time = 0.12 s, a small amount of contaminant is visible near 
the injector as well as a larger cloud downstream of the injector from the previous pulse. At 
time = 0.46 s the injection has created a region of high concentration near the injector at 
heights near 20 mm (1.0H). Furthermore, at time = 0.46 s, the remnants from the previous 
injection have mostly moved out of the domain or dissipated below a concentration of 5%. 
The newly injected contaminant cloud moves downstream with the fow and disperses as 
shown by the results at time = 0.79 s. Also, visible at this time are interactions of the con-
taminant cloud with the buildings. The LES and MRI results both capture these important 
characteristics but the LES overpredicts the rate of dispersion causing the isosurfaces to be 
smaller than those observed from the MRI measurements.

3.4 � Cloud identifcation algorithm

A signifcant limitation of the results presented so far is that the contaminant cloud from 
one injection period is still within the measurement region when the next injection begins. 
For example, in Fig.  12 at time = 0.12 s a large amount of remnant contaminant from 
the previous injection is present. One method to avoid this is to lengthen the period of 

Table 1   Statistical performance measures [61] between the MRI concentration observations ( Co ) and LES 
predictions ( Cp ). In the defnitions, the bar ⋅ indicates spatial average and �C indicates standard deviation

Name Defnition Ideal Computed

Fractional bias
FB =

Co−Cp

0.5(Co−Cp)

0.0 0.02

Geometric mean bias MG = exp(In(Co) − In(Cp)) 1.0 1.08

Norm. mean square error
NMSE =

(Co−Cp)
2

CoCp

0.0 0.23

Geometric variance VG = exp[In(Co) − In(Cp)] 1.0 1.07

Correlation coefcient
R =

(Co−Co)(Cp−Cp)

�Co�Cp

1.0 0.87

Within factor of two FAC2 = fraction in 0.5 ≤
Cp

Co

≤ 2 1.0 0.98
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the injection pulses allowing additional time for the contaminant to leave the measure-
ment domain. Here we present an alternative approach, which tries to identify when the 
contaminant from one injection event ends and the contaminant from the next injection 
event begins using a post-processing algorithm, which we refer to as the Cloud Identifca-
tion Algorithm (CIA). This algorithm allows for the calculation of ensemble averages of 
the time varying results. With these averages, contaminant arrival and residence times are 
computed, which are two important quantities for determining when a contaminant will 
arrive at a location and how long the contaminant will remain at that location.

CIA is based on the following principles. At a given location, when a contaminant cloud 
is leaving the contaminant concentration will decrease. When the contaminant cloud from 
the next injection arrives at this location, the concentration will start to increase. Therefore, 
the time when the contaminant concentration is at a minimum can be used as a boundary 
between the two clouds. Alternatively, at a given time the boundaries of a contaminant 
cloud are comprised of the band of cells that are currently at their minimum concentration. 
This latter description is used to construct an algorithm that identifes all the cells within 
a given cloud at each phase within the injection period. At some cell locations, the inter-
val between clouds consists of more than a single measurement time (i.e., the time inter-
val associated with the minimum concentration value does not represent the entire break 
between clouds). To account for this, the requirement for cells to represent boundaries 

Fig. 12   Comparison of 5% isosurface of contaminant colored by vertical position (mm) for LES (center 
column) and MRI (right column). Results are organized by rows that vary in time. The time associated with 
each row is shown in the left column, which shows the time with-respect-to contaminant injection phases
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between clouds is relaxed to include cells within 5% of their minima, which is comparable 
to other works that used a similar approach [62].

Note that once the cells comprising the boundary between clouds are identifed using 
the minimum concentration criteria described above, an image opening and closing opera-
tion is used to eliminate any small disconnected regions and holes in the boundary. These 
disconnections happen when fuctuations in the data cause minima to occur outside of the 
cloud boundaries (this is especially common in areas of low concentration or high resi-
dence). Particularly, the Matlab function bwareaopen is used to remove any detected clouds 
that are smaller than a 3x3x3 cube of cells and is not connected by a face to another cloud. 
Next, the Matlab function imclose is used to close any holes in the cloud that are smaller 
than a sphere with a radius of three cells.

Figure 13 shows the contaminant cloud identifed using this algorithm at diferent times 
throughout the injection period. Note that since the algorithm allows for tracking the con-
taminant cloud until it leaves the domain the time is shown over two injection periods. 

Fig. 13   Comparison of isosurfaces of contaminant identifed with the Cloud Identifcation Algorithm for 
LES (column b) and MRI (column c). Results are organized by rows that vary in time. The time associated 
with each row is shown in the left column, which shows the time with-respect-to contaminant injection 
phases. The results in column d are from an additional LES simulation that had a single release of contami-
nant
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With these results it is much easier to see (1) the growth of the contaminant cloud during 
the injection (time = 0.21–0.54), (2) the advection downstream and dispersion of the cloud, 
and (3) how the buildings can obstruct the advection and cause contaminant to remain in 
street canyons. The LES and MRI results agree reasonably well even at later times when 
the location of the contaminant around the buildings is very similar.

In addition to the time-averaged LES and MRI results, Fig. 13 shows results from an 
LES simulation that tries to mimic the dynamics of a contaminant cloud being injected and 
moving through the domain. The simulation consists of a single injection event after which 
the contaminant injector is turned of. This allows the contaminant from a single release 
to be tracked through the domain, which is what CIA is attempting to capture. The key 
downside of this simulation is that it is a single event and thus not averaged over multiple 
releases. However, the results do show very similar spatial distributions of contaminant 
when compared to the clouds, albeit noisier due to the lack of averaging. Overall, these 
results help confrm the usefulness and accuracy of CIA.

CIA allows for contaminant arrival and residence times to be computed. The arrival 
time is the amount of time between the beginning of the injection event and the arrival of 
the contaminant cloud at a location, where the arrival time is defned as the time at which a 
given location has experienced 10% of the total dosage from the cloud as it passes through 
[62]. Figure 14 shows the arrival time for the LES and MRI on planes at diferent heights. 
The arrival time is not defned and is transparent in locations where the cloud does not 
reach or is always present. At the lowest height (0.2H) the arrival time starts at zero at the 
contaminant injector and increases radially outward. The wakes behind buildings tend to 
have higher arrival times. Comparing the LES and MRI arrival times shows that both are 
quite similar, but the arrival times are slightly higher in the far downstream locations in the 
LES simulation.

Fig. 14   Comparison of cloud arrival time (s) for for LES (b) and MRI (c) and the diference between them 
(d). Results are organized by rows that vary the non-dimensional height of the cut plane. The height associ-
ated with each row is shown by the plane in the left column (a)
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The residence time is the amount of time between when a contaminant cloud reaches 
a location to when the cloud leaves the location. The cloud arrival time in this calcula-
tion is defned using the same 10% dosage threshold described in the preceding paragraph 
while leaving time is defned by an analogous 90% dosage threshold. Figure 15 shows the 
residence time for the LES and MRI measurements at diferent heights. At all heights, but 
particularly lower heights, the residence time is largest in street canyons where the con-
taminant can get trapped and last for a long time. Due to the diference in contaminant dis-
persion the edges of the residence time plots are large. Where the plumes overlap, the resi-
dence time is well-defned and very similar residence times are found with only a slightly 
larger value in the LES. The diference is likely due to plumes with larger spatial extents 
due to the higher dispersion in the LES, which results in more time for the plumes to trav-
erse a given location.

4 � Conclusions

This work produced LES datasets of the turbulent fow through Oklahoma City as it was in 
2003 at a 1:2200 geometric scaling. The fow has a Reynolds number based on the a rep-
resentative building height of 6000, which provides an approximation of the atmospheric 
fow and captures the large eddies responsible for contaminant dispersion. The LES results 
are compared with 4D MRI measurements that were obtained in a three-dimensional feld 
consisting of nearly 2 million measurement voxels across each of 12 discrete time windows 
during a period when an injection valve opened and closed releasing a contaminant into the 
fow through the street surface.

Comparisons are provided of streamwise velocity components for the time averaged 
results as well as the individual time windows across the injection cycle that agree well and 

Fig. 15   Comparison of cloud residence time (s) for for LES (b) and MRI (c) and the diference between 
them (d). Results are organized by rows that vary the non-dimensional height of the cut plane. The height 
associated with each row is shown by the plane in the left column (a)
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highlight the complex 3D nature of the fow around the buildings. Flow is accelerated sev-
eral times the bulk averaged velocity through street canyons and develops strong vertical 
velocities in spanwise street canyons. Diferences in time averaged streamwise velocity are 
most pronounced near surface levels. Vertical velocities near large buildings are of simi-
lar magnitude to the averaged streamwise velocity component indicating how signifcantly 
these features impact the feld, inclusive of both positive and negative components.

The contaminant comparisons show a generally overpredicted concentration in the LES 
results in part due to the subtle diferences in the velocity feld and due to increased disper-
sion rate predictions, suggesting that a matched velocity feld is a critical prerequisite for 
detailed scalar concentration comparisons. Isosurfaces of Q-criterion highlight that in addi-
tion to large vortices developing on the edges of buildings, the vortices in some spanwise 
street canyons can be of similar magnitude suggestive of transport mechanisms in a cross-
wind direction. Comparisons of contaminant concentrations show similar spatial distribu-
tions and temporal dynamics, albeit the LES predicts the contaminant dissipates faster than 
shown by the MRI measurements. The strong vertical velocities identifed previously lead 
to more dramatic variations in contaminant concentrations than in velocity comparisons.

Statistical performance measures [51] were computed and quantify the agreement 
between the LES predictions and MRI measurements in a pointwise fashion and overall 
perform very well but suggest that new comparative metrics could be developed that bet-
ter leverage the volumetric nature of the data and distinguish between performance of the 
simulation near complex features where there are important diferences.

A novel Cloud Identifcation Algorithm is proposed and tested. The algorithm separates 
pulsed injections, identifying unique releases of contaminant. The clouds identifed in the 
LES and MRI results compare very well and the arrival and residence times of clouds are 
computed and compared which depend strongly on location and height. The clouds identi-
fed in the LES and MRI results are compared in contour plots at three vertical planes indi-
cating plume arrival time diferences that are spatially varying between the computational 
and experimental results. A separate simulation consisting of a single release is also com-
pared with the MRI results and suggests that the cloud identifcation algorithm developed 
herein is working correctly to separate regions between release events that might still have 
remnants from earlier plumes from the next injection cycle activity.

This work provides a comparison of lab-scale experiments and corresponding LES sim-
ulations with the same geometry and boundary conditions of time varying fow. The dem-
onstrated agreement of the two datasets builds confdence in both techniques for studying 
the fow of a contaminant in a complex urban environment.
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