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Flonomix, Inc. 
 

 

Flonomix was founded in 2002 in Minneapolis, Minnesota 
and has offered modeling analysis services using 
computational modeling techniques: Computational Fluid 
Dynamics (CFD) and multi-zonal modeling with CFAST, 
CONTAM uniquely applied to HVAC/IAQ/Fire protection 
industry around the Minneapolis/St. Paul area for a decade. 
In 2007, Flonomix opened its second office in Portland, 
Oregon. The mission of the company is to deliver 
“computational solutions for engineering excellence” by 
performing non-intrusive, reliable, affordable 
computational simulations for efficient and optimized 
system design. Flonomix is certified as a Tier-1 Emerging 
Small Business (ESB) and as a Minority Business Enterprise 
(MBE) by the State of Oregon. 
 

Computational modeling is a technique that allows us to see 
the performance of HVAC systems before physical 
installation by providing detailed information about 
distributions of velocity, temperature, and chemical 
concentration in the space. Over the last 10 years, Flonomix 
has become a leader in modeling analysis in 
HVAC/IAQ/Fire and has completed numerous important 
CFD and zonal modeling projects for facilities utilizing 
conventional mixing ventilation, displacement ventilation, 
and natural ventilation systems. 
 

Applications of CFD include simulations of toxic chemical 
spreading, smoke/fire progress, and effectiveness of mixing 
and cooling phenomena. Examples of facilities that have 
been simulated include public centers, educational facilities, 
hospital/hotel atriums, AHU mixing chambers, clean rooms, 
surgery rooms, underground parking structures (CO 
distribution concerns), museums, data centers, and offices 
with mixed-mode ventilation.  
 

Applications of zonal modeling analysis include 
elevator/stairwell shaft pressurization system evaluation and 
species transports between compartments, air flow 
interactions between rooms in a high rise building and other 
indoor air quality applications in a building with multiple 
compartments. 
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Heejin James Park, Ph.D., P.E.   
Principal Engineer 
Dr. Park leads the Computational Fluid Dynamics (CFD)/R&D 
division at Flonomix, Inc. located in Portland, Oregon. 
Flonomix is a consulting company providing innovative 
engineering design with a virtual modeling technique that 
allows engineers to evaluate system performance without high 
cost, delays, or rebuilding that are otherwise typically required 
to make changes for optimization. 
 

He has extensively applied computational airflow simulation 
techniques to various HVAC/IAQ applications, fire protection 
analysis, and toxic chemical spreading simulation for the last 
20 years at several engineering companies. He was formerly a 
director of the CFD modeling department at Glumac in 
Oregon, a leading CFD specialist at Dunham Associates in 
Minnesota, and a manager of the CFD/Research & 
Development Division of Healthy Building International, Inc. 
in Virginia.  
 

While researching advanced HVAC systems including thermal 
displacement ventilation, He has utilized computational 
simulation as a tool to verify the effectiveness of displacement 
ventilation. Through his work, he helped design employing 
computational air flow simulations for smoking lounges, 
chemical labs, institutional environments, underground 
parking structures, casinos, hotels, atriums, theaters, and data 
centers. He has been a frequent presenter at engineering 
conferences and has published many engineering papers. 
 

Before moving to Portland, Oregon, Dr. Park was on the 
faculty in the department of mechanical and manufacturing 
Engineering at St. Cloud State University, St. Cloud, 
Minnesota. He also taught students thermal sciences at several 
universities including University of St. Thomas, Metropolitan 
State University, Portland State University, Oregon Institute of 
Technology, Portland Community College as an adjunct 
faculty. He is a registered professional engineer in Minnesota 
and an active member of ASHRAE. 

  



 

Brief Introduction to CFD 
 

CFD is an acronym that refers to “Computational Fluid Dynamics”.  It is the solving 
process of a fluid flow problem which is governed by the fundamental laws of physics 
by converting unsolvable (except very simple cases) governing equations to a solvable 
set of equations for a finite number of points within a flow field domain. And the 
solution predicts the variation of the relevant parameters (such as velocity, pressure, 
temperature, and chemical species) within the domain.  
 

Theoretically, to analyze the fluid flow, the basic conservation equations have to be 
solved. The equations that govern the flow include those for the conservation of 
momentum (Navier-Stokes equations) and the conservation of mass (continuity 
equation) and the conservation of energy (energy equation). All of these equations are 
in a form of partial differential, non-linear equation that rarely issues exact solutions 
for most of the cases.   

 

The principal approach of CFD is to represent those equations as well as flow domain 
in discretized form by using one of “finite differencing” or “finite element” or “finite 
volume methods”. Each discretization scheme differs in the assumption of profile 
within a small volume considered and the way space is discretized. Once discretized, it 
leaves meshes that cover the whole domain and a set of algebraic equation for that 
small volume (control volume). Whenever linearization procedure is necessary, 
iterative calculation procedure must be adopted, whereby the equations are 
successively re-linearized and solved until the solution to the original numerical form 
of the equations is attained.  
 

There are two ways to solve the set of algebraic equations obtained from discretization, 
direct method (i.e., those requiring no iteration) and iterative method. One of direct 
methods is called Tri-diagonal Matrix Algorithm (TDMA), which is very efficient but 
applicable only in 1-D application because direct method is usually involved with 
matrix inversion that may cause very expensive calculation in 2-D or 3-D problems. 
The alternative, iterative method is widely accepted since it is stable and applies to 2-D 
and 3-D situation. It starts with guessed variables and uses the algebraic equations to 
get improved variables. It goes on until the difference between new values and the 
previous values is minor. Then the converged solution is acquired.  
 

However, even though the converged solution is obtained, it does not guarantee that it 
represents the real, physically approved solution. That’s mostly due to the density of 
mesh. In a place where a severe change of variables experiences, the refined mesh is 
necessary to accommodate variable changes reasonable. Therefore, another step should 
be done to obtain grid-independent converged solution. 



 

Brief Introduction to CFD Formulation 
 
It is assumed that flow is steady, turbulent, Newtonian and incompressible with 
constant physical properties.  The mean (time-averaged) continuity, momentum and 
energy conservation equations are 
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Where iu , T, and p are the mean components, and ju′ , T ′ , and p′  (not seen in the 
equation since it is averaged out) are fluctuation components of an instantaneous 
velocity, temperature and pressure, respectively.  The mean and fluctuation quantities 
are defined as (here take a velocity as an example) 
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Where Ui is an instantaneous quantity. The derivation of equations (2) and (3) from 
instantaneous Navier-Stokes equations is well described in A First Course in 
Turbulence by Tennekes et.al. 
 
The angled bracket is used to represent the time-averaged quantity of a product of two 
fluctuation quantities.  The terms, ji uu ′′ρ , TuC jp ′′ρ  in equations (2) and (3) are 

derived during time averaging process with instantaneous Navier-Stokes equations. 
Physically, these terms represent additional stress (Reynolds stress) to a fluid element 
and additional heat flux due to turbulent phenomena.  Φ is mean dissipation term 
which is not considered in this study due to low velocity scale.  
 
 Fi is the i -th component of buoyant force due to temperature difference which is 
expressed in  

)( oig ρρ −−   (4) 
 

If we apply the Boussinesq approximation, equation (4) for buoyancy becomes, 
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β  is the coefficient of thermal expansion defined as 
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Since β∆T << 1 in this study, the Boussinesq approximation is appropriate for this 
simulation.   
 
The Reynolds stress in equation (2) is related to the mean strain field through the 
Boussinesq hypothesis: 
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ke, turbulence kinetic energy defined as 
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And the turbulent heat flux term in equation (3) can be expressed by Boussinesq 
analogy with turbulent viscosity, 
 












∂

∂
+

∂
∂

=′′
i

j

j

i
tjp x

T
x
T

kTuCρ  (7) 

 
The tµ  and tk  in equations (5) and (6) are the properties of flow not of fluid. These 
two turbulent properties are connected through the turbulent Prandtl number that is 
defined as 
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Since Pr of air at 20°C is around 0.72, Prt in this study is assumed as 0.9. (Viscous Fluid 
Flow by White) 
 

• Conventional k-ε Turbulence Model 
 
The distribution of the turbulent viscosity is obtained from 
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Where Cµ = 0.09 (Lectures in Mathematical Models of Turbulence by Launder et. al.).   



 

 
The kinetic energy of turbulence ke its dissipation rate ε are obtained by solving two 
additional transport equations,  
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The third term in the right-hand side of the equation (10) indicates the influence of 
buoyancy effect on turbulent dissipation.  However, the buoyancy effect on turbulent 
dissipation is not well understood. In this study, therefore, this term is neglected due to 
its uncertainty of empirical constant Cε3.  The existing constants are employed as in 
Lectures in Mathematical Models of Turbulence by Launder et. al. 
 

Cε1 = 1.44, Cε2 = 1.92, σk = 1.0, σε= 1.3. 
 

• Near Wall Region and Boundary Conditions 
 
In the near wall region, wall functions are expressed as  
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Here, up is mean velocity at yp, κ is Karman’s constant and is assumed to be 0.41. And 
the universal constant B is 5.0 in this study (Computation of Turbulent Boundary 
Layers by Coles et. al.). 
 
uτ is a shear velocity (frequently termed as wall friction velocity) produced by friction 
along the wall surface, and defined as 
 

 

 
A no flow condition is imposed on all fixed wall surfaces. For the calculation of the 
turbulent kinetic energy near fixed walls, the wall boundary layer is assumed to be in 
an equilibrium state, that is, the production of turbulence is equal to dissipation in the 
wall region.  The kp, turbulence energy at yp, near the wall can be expressed as 
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The εp, turbulent dissipation at yp, near the wall can be written as 
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Adiabatic condition is imposed on walls, which means that there is no heat exchange 
between computational domain and the wall.  For the turbulent conductivity and mean 
temperature profiles, equations (3), (7), and (8) are used. 
 
 
(Excerpted from CFD Formulation section of the paper, “The effect of location of a 
convective heat source on displacement ventilation” by Heejin Park and Dale Holland, J. 
of Building and Environment, Vol. 36, pp.883-889, 2001) 
 
 
 
 

 
  



 

 
 

Numerical Schemes 

 

  



 

Practical Advantages of CFD Analysis 
 

CFD is one of the areas that are being most dramatically developed for last several 
decades as digital computer has done. This technique has widely applied to aircraft 
design, weather science, civil engineering, and oceanography. 
 

Today, CFD is extending its ability to any branch that are related to fluid flow, heat 
transfer, for example, aeronautical science, material science, bioengineering physics 
and more recently electronic industry and HVAC industry. And it also could deal with 
problems that were considered impossible in the first stage of CFD in 1960’s. 
 

Some of the reasons for CFD being widely used these days are, 
 

(1) The advances in science and technology requires more broad information within a 
finite period, and CFD technique meets this goal better than any other method, i.e., 
theoretical or experimental methods.  

 

(2) It costs much less than experiments (noting that experiments is increasing almost 
exponentially as the size of the system increases).  

 

(3) It is repeatable implying that without modifying and/or making prototype, it can 
predict by running computer program repeatedly what design change is most 
crucial to enhance the performance (See the chart below).  

 

(4) Most importantly, numerical schemes and methods that CFD technique is based 
on are being advanced rapidly so that reliability on the results by CFD is getting 
very high and increased reliability make CFD as a practical tool in any design and 
analysis purpose.  

 

CFD As An Engineer’s Tool
The Concept of VIRTUAL PROTOTYPING

Conceptual Design

Engineering Design

CFD Simulation

Data Analysis

Final Design (prototype)

Change and 
modification

Pre-processing

Solving procedure

Post-processing



 

 CFD Modeling Analysis Involvements 
 

• CFD analysis of CAMSS EESSS shelter, Kirkland, WA 
 

• Maid Bay and Susquehanna cleanrooms CFD analysis, W.L. Gore, Elkton, MD 
 

• CFD analysis of Citi Bank condenser unit area installed in enclosed parking 
garage, Oakland, CA 
 

• Fire/smoke CFD analysis for an atrium of AstraZeneca building, Gaithersburg, 
MD 
 

• CFD analysis for ventilation airflow analysis of an open-air Framers’ Market, 
Manila, Philippine  
 

• CFD analysis of a hot and cold aisle scheme data center at National Energy 
Technology Laboratory (NETL), Morgantown, WV  
 

• CFD analysis of a downflow scheme data center at National Energy Technology 
Laboratory (NETL), Albany, OR 

 

• CFD analysis of a data center at STACK Infrastructure, Hillsboro, OR 
 

• CFD simulation for a flow analysis in sort work module in primary matrix, 
FedEx Hub, Memphis, TN 
 

• Fire and smoke CFD analysis of a new atrium in AJ PALUMBO Center in 
Duquesne University, Pittsburgh, PA 
 

• Air handling unit (AHU) CFD flow analysis for normal and failure operations 
in winter and summer, UMP, Tempe, AZ 
 

• Mid Bay cleanroom CFD analysis for evaluating the performance of the 
proposed ventilation system, Allentown, PA 
 

• CFD analysis for passive smoke control system validation in glass 
manufacturing facility, Dublin, GA 
 

• CFD analysis of a localized cooling system, Oasis cooling system in sorting 
facility, FedEx Hub, Memphis, TN 
 

• Smoke removal system evaluation of Tesla vertical storage facility for Model 3, 
Fresno, CA 

 

• Firing range ventilation CFD analysis, Evans Mills, NY  
 

• Work table hood exhaust flow analysis, Tempe, AZ  
 

• ISO5 Cleanroom expansion air flow analysis, Allentown, PA 
 



 

• Zonal modeling analysis for stairwell pressurization in a Lakewood Center 
North, Cleveland, OH 
 

• Whole field air flow CFD modeling analysis of AHU units, Tempe, AZ 
 

• Cleanroom ventilation airflow CFD modeling analysis, Oak Brook, IL 
 

• Mercedes AHU flow modeling analysis for preventing freeze stat trip due to 
thermal stratification during Winter, Nashville, TN 
 

• CFD analysis for performance comparisons of three different ventilation 
options in a gallery, PACE Gallery, New York, NY 
 

• Generator exhaust plume CFD modeling analysis to evaluate effect of exhaust 
plume on helicopter navigation around helipad in the Banner-University 
Medical Center, Phoenix, AZ 
 

• Wizer Block underground parking garage ventilation CFD analysis, Lake 
Oswego, OR 
 

• Fire/smoke progress CFD analysis for Barber Motorsports Museum Addition, 
Birmingham, AL 
 

• CFD analysis of a chiller yard of a data center to investigate the impact of the 
wind-generated re-circulation on chiller intake area flow conditions, Austin, TX 

 
• Children’s hospital isolation patient room ventilation air CFD analysis, 

Houston, TX 
 

• Plenum fan area air profile CFD analysis in investigating fan failure, Los 
Angeles, CA 

 

• CFD modeling analysis for thermal sensation issues of a Social Security 
Administration building atrium, Baltimore, MD  

 

• Thermal Energy Storage (TES) transient CFD analysis during charging and 
depletion mode operations for investigation on thermal stratification formation, 
Albuquerque, NM 
 

• Modular data center CFD analysis for optimizing cooling system design, Austin, 
TX 
 

• US Battery lead oxide mill room cooling effectiveness CFD analysis, Augusta, 
GA 
 

• Kohl's office ventilation CFD analysis: Overhead vs. Under floor systems 
evaluation, Bellevue, WA 
 



 

• Hexcel Building 12-B saw room ventilation CFD analysis: Evaluation of dust 
collector effectiveness, Mesa, AZ 
 

• External wind flow CFD analysis to evaluate static pressure distributions 
around a hotel enclosure for wind-driven moisture intrusion investigation, 
Troutdale, OR 
 

• Zonal modeling approach for elevator shaft pressurization analysis: Dallas, TX  
 

• CFD analysis of thermal comfort evaluation in entrance area due to infiltration 
from wide-open entrance doors in summer, Nationwide retailer, New York, NY 
 

• Casting pit ventilation CFD analysis, Buena Park, CA 
 

• Underground parking garage CFD analysis for performance-based design, 
Mountain View, CA 
 

• Computational heat flow analysis for cold office floor, PNC Bank, Pittsburgh, 
PA 
 

• Effect of security barrier installation on fire/smoke progress, CFD study 
Sandia National Laboratory, Albuquerque, NM 
 

• Office building underground car park CFD simulation of original and 
alternative design comparison, NAC Tower, Manila, Philippines 

 
• Airplane wing paint booth exhaust system CFD analysis for predicting exhaust 

flow rates through floor and wall grates, Boeing Company, Seattle, WA 
 

• College performance arts building atrium fire/smoke CFD analysis for 
performance-based design, Reed College, Portland, OR 

 

• CFD analysis for estimating 50 mph wind effect on building doors 
Desert Research Institute, Reno, NV 
 

• Fire/Smoke progress CFD analysis of an atrium for resolving pressurized make-
up fan room issue, Sandia National Laboratory, Albuquerque, NM 
 

• Hospital helipad area CFD analysis for investigating helicopter exhaust 
spreading around intake areas, Gundersen Lutheran Hospital, La Crosse, WI 
 

• High school and recreation center swimming pool CFD simulation  
East High School and Norris Recreation Center, St. Charles, IL 
 

• Office cubical area CFD analysis: effect of slot diffusers on employees’ thermal 
sensation, Bonneville Power Administration (BPA) headquarters, Portland, OR 

 

• Natural ventilation effectiveness CFD study for newly designed student 
recreation center, University of Hawaii at Manoa, Honolulu, HI 

 



 

• Swimming pool CFD analysis for evaluating air circulation and condensation 
issues, Evergreen Water Park, McMinnville, OR 
 

• University Aquatic Center CFD simulation for evaluating air distribution and 
condensation, Boise State University, Boise, ID 

 

• Data center CFD analysis: Qwest network room "Next Generation" deployment, 
Qwest, St. Paul, MN 
 

• Natural ventilation effectiveness evaluation for an apartment room with awning 
windows open: CFD analysis for LEED documentation, Portland, OR 

 

• Pilot CFD analysis for natural ventilation effectiveness of university office 
University of Washington, Seattle, WA 

 

• Rooftop area in a high-rise building: external flow CFD analysis for wind 
turbine feasibility, Port of Long Beach, CA 

 

• CFD analysis for unit ventilator exhaust shortcut issues: flow trajectories 
Brooklyn Park, MN 

 

• Underground parking structure CFD simulation for CO distribution 
Dubai University Hospital, Dubai, UAE 

 

• Data Center CFD study for a retrofit of problematic cooling systems 
Dodge and Cox, San Francisco, CA 

 

• Museum air flow CFD analysis for evaluating performance of a proposed 
design, Evergreen Aviation and Space Museum, McMinnville, OR 

 

• Simulation of office space equipped with raised floor system and chilled beams, 
12th and Washington St., Portland, OR 

 

• Data center down-flow cooling system CFD analysis, Dell, Austin, TX 
 

• AHU supply fan inlet area CFD simulation to investigate un-uniform fan inlet 
conditions, Fox Building, Portland, OR 
 

• CFD simulation of supply air duct take-off area flow for investigating reverse 
flow, Mentor Graphics, Wilsonville, OR 

 

• CFD simulation for natural ventilation effectiveness in a college building 
Iowa State University College of Design, Ames, IA 

 

• Helipad area simulation of helicopter exhaust spreading evaluation to optimize 
the blocking wall, Abbott Northwestern Hospital, Minneapolis, MN 

 



 

• CFD study on stack exhaust gas spreading to evaluate the effect on an 
environment, 717 Delaware Building, University of Minnesota, Minneapolis, 
MN 

 

• CFD study on draft potential in kitchen area of high-rise apartment in summer 
and winter, Seattle, WA 

 

• Condensing unit recirculation area CFD simulation: prevent exhaust from re-
entering intakes, State Farm Insurance Company, Bloomington, Il 

 

• Raised floor displacement ventilation CFD simulation for design evaluation of 
public center, Dominion Center, Plymouth, MN 
 

• AHU mixing chamber CFD simulation for improving mixing effectiveness and 
preventing system trips in winter, Stillwater City Hall, Stillwater, MN 

 

• Elementary school auditorium and classroom simulations for system 
comparisons, Pine City Elementary School, Pine City, MN 

 

• Chemical lab CFD simulation to resolve chlorine smell problem 
Ecolab, St. Paul, MN 

 

• Airport smoking lounge simulation to evaluate smoke (ETS) migration 
John F. Kennedy International Airport, New York, NY 

 

• Jackson Hall plenum simulation to predict suction pressure 
University of Minnesota, Minneapolis, MN 

 

• Riverbend underground parking structure simulation for optimizing make-up 
air systems, University of Minnesota, Minneapolis, MN 

 

• Microbial Plant Genomic Institute (MPG) atrium fire simulation 
University of Minnesota, St. Paul, MN 

  



 

 
 

 
 

 
 
 
 
 
 
 
 

 
Selected CFD Practice Examples 

  



 

Index of Selected CFD Practice Examples  
Note # Techniques  Facility Concerns 

1 CFD School auditorium Design verification, thermal sensation 
2 CFD Chemical lab Toxic chemical spreading/smell issues 
3 CFD Underground parking garage CO accumulation issue/ ventilation 
4 CFD Data center Verification of cooling effectiveness 
5 Ext. CFD*1 University campus Natural ventilation effectiveness 
6 Fire CFD *2 Government lab facility Smoke progress 
7 Ext. CFD Private research campus Wind forces on door opening 
8 CFD Paint booth Verification of exhaust system design 
9 CFD Parking garage  CO distribution issues 

10 CFD Solar panel Wind forces predictions and flow field analysis 
around solar panel array 

11 Heat Transfer*3 Office floor exposed to an open 
parking garage Cold floor temperature issue 

12 CFD Historic church HVAC renovation/ System selection 
13 CFD Data center Cooling effectiveness 
14 CFD Air handling unit Temperature stratification issues 
15 CFD Nationwide retail store Hot/Cold outdoor air invasion issues 
16 Ext. CFD Hospital campus Stack exhaust re-entering issues 

17 Fire CFD College performance art center Tenability analysis for performance based approach 
design 

18 Zonal 
modeling*4 Commercial high-rise building Elevator shaft pressurization analysis 

19 Zonal modeling Residential space  Transient toxic chemical distribution in all residential 
compartment 

20 Ext. CFD University campus Wind effect on building on non-flat terrain 

21 CFD US city block Pedestrian wind effect study caused by high-rise 
buildings 

22 CFD Facility kitchen area Overflow moisture plume issue 
23 CFD Factory piping system Thermal fluid flow analysis in the piping system 
24 CFD Manufacturing device  Device water cooling effectiveness issue 

25 Fire CFD CFAST*5 Public mall Smoke removal system sizing (CFAST) and verification 
of system performance: Tenability analysis 

26 CFD Industrial manufacturing 
facility 

Verification of Industrial ventilation with dust 
collectors 

27 Ext. CFD Hospital campus Helicopter exhaust re-entering issue 
28 Ext. CFD Hospital campus  Dilution factor analysis for stack exhaust speeding 

 
Ext. CFD*1: External flow CFD simulation 
Fire CFD *2: Fire/smoke transient simulation with FDS (Fire Dynamics Simulator) 
Heat Transfer*3: Numerical heat transfer analysis of conduction with convection boundary conditions 
Zonal modeling*4: Multi-zonal modeling using CONTAM 
CFAST*5: Two zone modeling using Consolidated Model of Fire Growth and Smoke Transport (CFAST) 



 
 
Note # Techniques  Regions analyzed Issues 

29 Ext. CFD Court yard in residential 
building   

Wind effect on flow conditions in the courtyard of 
residential building 

30 FDS CFD Helipad area in generator 
building 

Possible effect of conditions of generator exhaust 
plume around helipad area on helicopter navigation 

31 Fire CFD University sport arena New smoke removal system design verification due 
to the upper seat area expansion in sport arena 

32 CFD Industrial mill room False fire alarm due to high temperature 

33 CFD Isolated patient room 
Isolated patient room ventilation, harmful micro-
organism migration, flow trajectories from patient 
breathing 

34 CFD Building with an atrium: Part 1 Natural ventilation effectiveness: Effect of heat 
generation rate on amount of natural ventilation 

35 CFD Building with an atrium: Part 2 Natural ventilation effectiveness: Effect of outdoor 
temperature on amount of natural ventilation 

36 CFD Building with an atrium: Part 3 Natural ventilation effectiveness: Effect of opening 
size on amount of natural ventilation 

37 CFD Building with an atrium: Part 4 Natural ventilation effectiveness: Effect of building 
height on amount of natural ventilation 

38 CFD Wind harvesting device Wind harvesting devices, sustainable energy 
conversion, wind turbine utilization 

39 CFD Ductwork  Duct flow analysis for reducing energy loss and 
achieving uniform downstream condition with vanes 

40 CFD Air handling unit Thermal stratification in the mixing chamber between 
damper and pre-cooling coil, system trip  

41 Zonal modeling Stairwell shaft Stairwell pressurization in a high-rise commercial-
residential building to avoid smoke transmission 

42 CFD Underground parking garage Car exhaust build-up issue. Identifying low speed 
regions 

43 CFD Building atrium Thermal stratification, thermal sensation issue 

44 CFD Cleanroom Laminar flow from the ceiling to the floor, ISO 
specifications, ventilation air patterns 

45 CFD Hotel building Pressure buildup on building exterior walls due to 
wind 

46 CFD Boiler fume spreading analysis Wind patterns, dilution factor analysis, recirculation 
47 CFD Work table hood system Hood exhaust flow analysis 

48 CFD Patient room with a large 
window system 

Cold draft due to cold surface temperature of walls 
and windows 

 
Ext. CFD*1: External flow CFD simulation 
Fire CFD *2: Fire/smoke transient simulation with FDS (Fire Dynamics Simulator) 
Heat Transfer*3: Numerical heat transfer analysis of conduction with convection boundary conditions 
Zonal modeling*4: Multi-zonal modeling using CONTAM 
CFAST*5: Two zone modeling using Consolidated Model of Fire Growth and Smoke Transport (CFAST) 

  



 
 
Note # Techniques  Regions analyzed Issues 

49 CFD Large commercial office System selection based on predicted performance, 
overhead and underfloor air distributions 

50 CFD, FDS Manufacturing warehouse Cooling system performance evaluation, Oasis 
cooling  

51 CFD Condensing unit area Condensing unit exhaust trapped in recirculation 
zone, high intake temperature of the units 

52 CFD (Transient) TES (Thermal Energy Storage) 
Evaluate the effectiveness of TES under proposed 
diffuser configuration for charging and depletion 
operation 

53 CFD/FDS Museum and extensions Evaluate smoke removal systems for the museum 
extensions 

54 CFD Firing range 
Evaluate ventilation air flow fields with different 
diffuser configurations to ensure lamina, linear flow 
fields to prevent reversal flows 

55 CFD Airplane passenger cabin Airplane cabin air ventilation flow, air draft 
discomfort, thermal sensation 

56 CFD Hospital helipad area Helicopter exhaust spreading/re-entering a building 
through intakes on the roof 

57 CFD Data center Hot and cold aisle scheme with a plenum, 
recirculation, un-uniform flow profile from plenum 

58 CFD Air handling unit Moisture carry-over issue, local high air speeds 

59 CFD Air handling unit Thermal stratification issue, mixing chamber 
modifications for better mixing efficiency 

60 CFD Air handling unit Investigation of air handling unit fan failure Part1: 
evaluating problematic “as it is” configuration 

61 CFD Air handling unit Investigation of air handling unit fan failure Part2: 
Alternative designs 

62 CFD Chemical Lab  Evaluation of suggested modifications to resolve 
chlorine smell issue 

63 CFD Emergency generators yard 
outside a data center building 

Concerns of hot exhausts re-entering generators’ 
intake due to recirculation formed by blowing wind 

64 CFD Exhaust stack area on the roof Issues on stack exhaust fume re-entering the building 
through intakes 

65 CFD Underground parking garage Car exhaust build-up issue. Identifying low speed 
regions, time evolution of car exhaust 

66 CFD Data center Downflow type, hot and cold aisle scheme without 
underfloor plenum 

 
Ext. CFD*1: External flow CFD simulation 
Fire CFD *2: Fire/smoke transient simulation with FDS (Fire Dynamics Simulator) 
Heat Transfer*3: Numerical heat transfer analysis of conduction with convection boundary conditions 
Zonal modeling*4: Multi-zonal modeling using CONTAM 
CFAST*5: Two zone modeling using Consolidated Model of Fire Growth and Smoke Transport (CFAST) 
 
 



 
 
 
Note # Techniques  Regions analyzed Issues 

67 CFD Partially open-air Farmer’s 
Market 

Entrainment of outdoor air, active and passive 
ventilation 

68 CFD Air handling unit Mixing enhancement with a baffle in a mixing 
chamber 

69 CFD Condenser unit (Part1) Condenser exhaust recirculation issue 

70 CFD Condenser unit (Part2) Modifications to reduce condenser exhaust 
recirculation 

71 CFD Aviation and Space Museum HVAC system evaluation, strict system requirement, 
solar heat gain, make-up air throws and drops 

72 CFD Shelter  Extreme temperature criteria, optimization of 
insulation of R value  

 
Ext. CFD*1: External flow CFD simulation 
Fire CFD *2: Fire/smoke transient simulation with FDS (Fire Dynamics Simulator) 
Heat Transfer*3: Numerical heat transfer analysis of conduction with convection boundary conditions 
Zonal modeling*4: Multi-zonal modeling using CONTAM 
CFAST*5: Two zone modeling using Consolidated Model of Fire Growth and Smoke Transport (CFAST) 

 



 

 

 

 

 

  



 

 

 



 

Project Note 3:        CFD Analysis of Underground Parking Garage  
Features:  Carbon Monoxide (CO) concentration build-up in stagnant areas 
 

The operation of automobiles in underground parking garages presents many concerns, such as the 
emission of carbon monoxide, nitrogen oxides, and hydrocarbons.  
 

A traditional approach to design the ventilation system would be based on hand calculations, whose 
accuracy is reduced by several factors. First, these calculations do not take the geometry of the structure 
into account. Second, they determine only average carbon monoxide content but not the spatial 
distribution or gradients in the distribution, which can have an important impact. The result is that 
engineers are not certain about the performance of the design until the ventilation system is installed 
and tested. The possibility exists that expensive changes will have to be made after testing is performed. 
 

Computational simulations were proposed to investigate flow and CO concentration fields in the 
underground parking structure at Dubai University Hospital. This underground parking consists of 
three levels with a total area of 1,014,544 ft2 and has a capacity of 2,110 cars. The client liked to 
optimize the CFM and the locations of exhausts and intakes in order to minimize CO accumulation 
within the parking area. CFD analysis based on a proposed design provided the resulting inside flow 
patterns and a CO concentration distribution in the parking area, which allowed the client to evaluate 
the effectiveness of the proposed system before finalizing the configuration. 
 

After a review of the CFD results of the originally proposed system, the client changed the 
configuration to avoid high CO concentration regions that were predicted by CFD analyses and 
achieved desired performance with modifications. 
 

  
          (a) Velocity vector distribution in the garage       (b) CO concentration for modified case 
 



 

 

  

  



 

 

 

 



 

   

 



 

 



 

 



 

 

 

 

 



 

 

 

 



 









 







 



 



 



 













 

 

 

 

 



 



 

 



 



 

 



 

 

 
Figure 1. Aerial view of buildings on a hillside 

Figure 2. Computational domain including terrain 

Figure 3. Wind trajectories around buildings 

Figure 4. Pressure distributions on building surfaces 
due to wind 
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Figure 1. A photo of a city block around the Square 

Figure 2. Computational domain for wind study  

Figure 3. Location of pedestrian points in the 
vicinity of the Square and wind speed distributions 

on a 2D section at 5 ft. above the street ground 

Figure 4. Wind patterns around the Square 



 

 
Figure 1. A photo of a kitchen hood and one of kettles 

Figure 2.   A photo of steam overflow around the hood 

Figure 3.   Model geometry and grid networks 

Figure 4. Predicted steam overflow around the hood 



 

 
 



 

  



 

  



 

 

 

Figure 1. A dust collector connected to saw 

Figure 2. Overall room geometry 

Figure 3. Speed/vector distributions at 4.5 ft (1.07 
m) from the floor: saw air suction level 

Figure 4. Particle trajectories towards  saws by dust 
collector actions 



 

Project Note 27:  CFD Analysis for Evaluating Helicopter Exhaust Spreading around Building Intakes 
Features:    Exhaust spreading analysis, wind effect, helipad, external CFD analysis  
 

A CFD analysis was conducted to investigate the spreading of 
helicopter exhaust around helipad area in the hospital. A 3D 
rendering geometry image and a corresponding CFD model 
geometry are shown respectively in Figs. 1 and 2.  
 

A new Surgical Tower Building (STB, pink color) has a helipad on 
the roof area and it has several intakes below the helipad level 
(Mechanical penthouse on 7th floor) at the front and rear part of 
the new STB (Figs. 2 and 3). Engineers were concerned about the 
possibilities of helicopter exhaust entering the hospital through 
some of intakes under an assumed worst scenario (given wind 
direction and speed).  
 

We assumed that helicopter was landing facing NNW on the 
helipad with rotor running generating strong down draft through 
rotor. Wind was assumed to be blowing from NNW shown in Fig. 
3 at the speed of 23 mph.  
 

Adjacent buildings are included for this analysis since these 
buildings affect wind flow that reaches the building under 
consideration. This is an example of external flow simulations, 
which means we have a much larger region to be solved than 
building size. 
 

CFD results suggests that two intakes on South face of the STB are 
under the influence of the helicopter exhaust and that the intake on 
the right (East) has most of intake air coming from the region 
influenced by exhaust while the intake on the left (West) has some 
of the intake air coming from upstream of the wind which is free of 
exhaust. Therefore, the intake on the right has higher exhaust 
concentration entering than the intake on the left side. Fig. 4 shows 
an Iso-surface of exhaust concentration of 70 ppm. 
 

Predicted data show that the approximately 60~80 ppm is present 
at the entrances of the two intakes. Even though these values are 
under 1% of the assumed trace gas concentration, it is not 
completely free from the influence on helicopter exhaust. 
 

An installation of filtering devices is recommended to avoid 
possible admission of the exhaust into the building through the 
intakes on mechanical room below the helipad.  

 
 

 
Figure 1. 3D rendering image of the hospital 

 
Figure 2. CFD modeling geometry 

 
Figure 3. Intakes and wind direction  

 
Figure 4. Iso-surface with an exhasut 

concentration of 70 ppm  



 

 

  

 

 

 

 



 
Project Note 29:  Wind Effect CFD Analysis in a Courtyard  
Features:  Scalar pressure fields, particle traces, concentration iso-surfaces 
 

Exhaust vents are placed on the roof of a 5 story building with 
an exposed courtyard in the middle of the building shown in 
Figure 1. The courtyard is connected to a restaurant and also 
has an outdoor barbeque pit. When wind blows, a recirculation 
zone is generated within the courtyard, which may cause a high 
concentration of exhaust to become trapped within the 
courtyard. The engineers are also concerned about wind forces 
acting on doors and windows inside the courtyard, and would 
like to check how the predominant wind affects both of these 
issues. In the base case simulation, a predominant wind of 7 
mph from the west was assumed. The computational domain, 
(not shown here) was selected to be several times larger than the 
size of the building itself. 
 

CFD analysis predicts how the exhaust gas spreads with the 
free-stream air as it passes over the building. Overall geometry 
of the building and exhausts selected in this modeling are as 
shown in figure 1. Only exhausts located upstream of the wind 
were included in the analysis since exhausts located in 
downstream do not enter the courtyard. Figure 2 shows iso-
surfaces and fluid particle trajectories spawning off the exhaust 
vents and the barbeque pit. The iso-surface is a 3D volume of a 
specific exhaust concentration, and is useful for visualizing 
spreading of the exhaust gas. The particle trajectory data 
indicates that most exhaust particles from the rooftop vents are 
unlikely to become trapped within the courtyard recirculation 
zone. However, the spreading of exhaust gas from the barbeque 
pit causes contamination of the portion of the courtyard. This 
is because air recirculation causes the fluid particles to become 
trapped. 
 

Figure 3 shows a velocity field and fluid particle trajectories 
which illustrate the above mentioned courtyard recirculation. 
Only one particle trajectory is shown in order to observe the 
general 3D nature of the recirculation vortex. Fluid separates as 
the air passes over the roof of the building, and then attempts 
to reattach in the courtyard.  
 

Figure 4 shows the pressure distribution on the walls of the 
courtyard. The static pressure field over the walls of the 
building indicates large pressure along the windward walls of 
the building, which may cause difficulties in opening and 
closing doors in the court yard. Very large scale vortex within 
the courtyard is formed where pit exhaust would be trapped. 
This can be attributed to the cavity effect, which results in 

attenuated air speeds within the cavity compared to free-stream velocities.  

 
Figure 1. Five story building with a courtyard 

 

 
Figure 2. Iso-surfaces and particle traces over building 

 

 
Figure 3. Velocity field and particle trace in courtyard  

 

 
Figure 4. Static pressure distribution on courtyard walls 

High pressure area 



 

Project Note 30: CFD Analysis of Generator Exhaust Plume Flow around Helipad Area 
Features:  Helicopter navigation, exhasut plume flow analysis, areas of influence 
 

 

Flonomix performed a CFD modeling analysis of an 
exhaust plume injected from a generator building of the 
university medical center (Figure 1). Hot exhaust, 
flowing out through four 20-in diameter pipes, exits the 
building in a jet form with high momentum and high 
temperature. The main goal of this analysis is to predict 
the flow conditions of the exhaust plume to see if the 
plume flow would affect helicopter navigation from the 
helipad that is located on the roof of the generator 
building. 
 

This CFD analysis applied an LES (Large Eddy 
Simulation) turbulence model. This turbulence model 
enables engineers to predict realistic time variations of 
field variables such as temperature, speed, pressure and 
density. The total number of hexahedral cells for this 
simulation reaches 13 million, with cell size of roughly 
0.7 ft x 0.7 ft x 0.7 ft throughout the computational 
domain. It was observed that at around 70 seconds into 
the simulation, the flow field reaches a quasi-steady 
state. All static data presented in this file are captured at 
around 100 seconds. 
 

Figures 2, 3, and 4 show an overall plume flow pattern 
in three view angles from side, front, and sky. The red 
dotted lines shown in figures indicate plume-effected 
region. The exhaust exits the generator building 
horizontally with high momentum initially. At about 40 
ft from the building, buoyant force due to temperature 
differences overrides the initial momentum of the 
exhaust flow, from which buoyant force starts to 
develop vertical thermal plume.  
 

The plume core is tilted due to residue of initial 
momentum in horizontal direction indicated in Figure 
2. The plume size increases as the plume rises upward 
due to entrainment of air, and as a result of it, plume 
core speed will be reduced. The helipad area will be 
under insignificant influence. Based on this predicted 
data on field variables and the information on areas of 
influence, engineers can make an informed decision on 
their navigation judgement. 

Figure 1.  A CFD model geometry of the generator building 
with a helipad 

 

 
Figure 2. A side view of generator exhaust plume 

 

 
Figure 3. A frontal view of generator exhaust plume  

 

 
Figure 4. A skyview of generator exhaust plume 



 

Project Note 31: Multi-Purpose University Sports Arena Fire/Smoke CFD Analysis 
Features:  Performance-based approach design, tenability criteria, visibility, toxicity 
 

  

A new upper seat expansion in a university sports 
arena requires a detailed examination of its 
existing smoke removal system to evaluate 
whether the existing smoke removal system can 
meet tenable conditions for the new expansion. 
As allowable maximum height of smoke level (6 
ft above the highest walking level) is increased, 
more capacity may be required of the smoke 
removal system to maintain an acceptable smoke 
level. 
 

Figure 1 shows a 3-D rendering of the arena and 
its converted CFD model geometry, decomposed 
to hexahedral cells. FDS (Fire Dynamics 
Simulator), developed by NIST (National 
Institute of Standard and Technology), was used 
in this simulation study. LES (Large Eddy 
Simulation) turbulence model was employed 
with a mixture fraction combustion model in this 
study. 
 

Two (2) fast-t2 design fire scenarios with heat 
release rates of 5,000 kW and 10,000 kW were 
employed to represent kiosk and vehicle fires 
respectively. The engineers also liked to 
investigate a sprinkler-limited fire of 1,200 kW in 
a corridor (seen in the left side in figure 2). 
Figures 3, 4, and 5 show smoke levels, visibility 
distributions, and carbon monoxide (CO) 
distributions for the vehicle fire case. All data was 
captured at 1200 seconds after the fire began. The 
proposed exhaust capacity was 260,000 CFM. 
Based on CFD modeling analysis, the engineers 
can be sure that the proposed smoke removal 
system maintains tenable conditions under 
proposed design fire scenarios.  
 

Additional studies were conducted for the other 
two fire scenarios (Kiosk fire and corridor fire), 
confirming that tenability was maintained for 
these two scenarios as well. 

Figure 1. A rendering of sports arena (left) and a CFD model (right) 
 

 
Figure 2. A schematic drawings indicating a goal of the smoke 

evacuation system maintaining an appropriate smoke level 
 

 
Figure 3. Predicted smoke level 

 

 
Figure 4. Predicted temperature distributions 

 

 

Figure 5. Predicted toxicity (CO concentration) distributions 



 

Project Note 32: CFD Analysis for Factory Mill Room Cooling System Evaluation 
Features:  False fire alarm, industrial room ventilation, saving operational cost 
 

 

A CFD analysis of the lead oxide mill room of a 
company was conducted. The main focus of the 
analysis was to help to avoid false activation of the 
ceiling sprinkler systems due to heat from equipment 
operation. And, at the same time, engineers were 
trying to avoid designing an oversized cooling 
system. By predicting the temperature distribution 
within the mill room, an adequate capacity for the 
exhaust fan(s) which cool the facility could be 
determined.  
 

Figure 1 shows an overall geometry of the mill room. 
Two different proposed cooling options are shown in 
figure 2: the base case (left) and an alternative case 
(right). Total supply air of 100,340 CFM from 8 
return grilles cooled down the mills and other 
equipment in the base case, while total supply air of 
68,640 CFM from 16 grilles was assumed in the 
alternative case is used. Outdoor temperature was 
assumed as 102 °F, as the analysis was for the worst 
case scenario. 
 

The analysis predicts well-defined temperature 
stratification in the room in both cases (Figures 3 and 
4). Temperature gradients from the floor level to the 
ceiling were clearly captured. Outdoor air at 102°F 
entered the room, reached hot surfaces of equipment, 
and was thereby warmed. The warm air then rose, 
forming thermal plumes. The temperatures ranged 
from 102°F at the floor level to 130 °F around the 
ceiling in base case (Figure 3) and to 145 °F in the 
alternative case (Figure 4).  
 

In some portions of the ceiling and walls, surface 
temperatures were predicted to reach 150°F (in the 
base case) and 160 °F (in the alternative case), higher 
than the air temperature adjacent to these surfaces. 
This is because there is a radiation heat exchange 
between the ceiling and the hot surfaces of the 
equipment. 
 

After careful consideration, the temperature field 
predicted in the alternative case is determined to be 
acceptable, which could save initial cost and 
operational cost. 

Figure 1. Overall geometry of the lead oxide mill room 
 

  
 

Figure 2. Cooling HVAC systems in the base case (left) and  
in the alternative case (right) 

 
Figure 3. Temperature distributions in the base case 

 

 

Figure 4. Temperature distributions in the alternative case (Note 
max temperature in the legend is 150 °F) 



 

Project Note 33: CFD Analysis for Isolation Patient Room in Hospital 
Features:  Isolation patient room HVAC requirements, micro-organisms migration 
 

 
 

A CFD analysis was conducted for the isolation 
patient room at the Children's Hospital in 
Texas. Four different isolation patient room 
configurations were proposed and simulated for 
performance comparison. Only data of the base 
case is shown here.  
 

Isolation patient rooms (Figure 1) are intended 
for use with patients with hazardous airborne 
infections. The main focus of the CFD analysis 
was to predict air flow draft and to evaluate the 
effectiveness of different ventilation systems for 
preventing harmful micro-organisms’ 
migration within the room, and to therefore 
provide an environmental safety for health care 
staff and others. Figure 2 shows a CFD model 
geometry of an isolation patient room for the 
base case. There are three linear diffuser at 
ceiling level and an exhasut is installed at the 
bottom of the cabinet as shown in figure 2. 
 

In these simulations of four different 
configurations, 400 CFM of air outside partient 
room is assumed to enter the isolation patient 
room  through cracks under the doors, which 
occurs due to negative pressure incurred by an 
imbalance between intake and exhasut 
flowrates. This negative pressure can make 
certain that harmful micro-organisms are 
prevented from escaping the patient’s room. 
 

Figure 3 shows speed distribution on a 2D 
section passing the middle of a patient’s body. 
Fluid particle trajectories from the patiernt’s 
breathing is shown in figure 4. As indicated, 
most of the patient’s breath is flowing directly 
to the exhasut under the given base case design 
configuration. The study includes three other 
air disctribution configurations for comparison, 
and enginners are able to choose the best intake-
exhasut system for the isolation patient’s room. 

Figure 1. A photo of typical insolation patient room 
 

 

 
Figure 2. A CFD model geometry under study for the base case 
 

 
Figure 3. Speed distribution on 2D section passing the middle of a 

patient body 
 
 

 

Figure 4. Fluid particle trajectories from patient breath  



 

Project Note 34: CFD Analysis for Natural Ventilation Effectiveness Evaluation: Part 1 
Features:  Effect of heat source strength on flowrate of intake of outdoor air 
 

 

 

A CFD analysis was conducted for the investigation of natural 
ventilation effectiveness. In other words, engineers like to 
make sure of intake amount of air when predifined opening 
is installed.  
 
Figure 1 shows a building under investiagtion. In the first and 
third levels, there are two large main openings while there are 
5 openings in the 2nd level. These two main opeings are 
located in the atrium of 3 levels. Outside temperature is 
assumed 70 °F that is known as an appropreaite temperature 
for natural vaentilation. Arrows in figure 1 indicates dominant 
air flow directions.  
 
The mathematical expression below represents pressure 
differences between inside and outside at the height with 
which an amount of infliltrated and exfiltrated air can be 
calculated. 
 

∆𝑃𝑃𝑠𝑠𝑠𝑠 =  
𝑃𝑃𝑜𝑜ℎ𝑔𝑔
𝑅𝑅𝑎𝑎
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∆Pst = Pressure difference between in and out 
Po = Outside pressure, h = height, To, Ti = temperature 
outside and inside, Ra = gas constant of air 
 
If no wind is assumed, the amount of outdoor aire entering 
the space is controlled by stack effect which is dependent on 
a couple of factors including the height of the building and 
inside/outside temperatures  as shown in the equation above.  
 
To see the effect of inside temperature on air flowrate, the 
heat generation rate inside 2nd level are varied to 10 kW, 20 
kW and 30 kW in this CFD analysis. Figure 2 shows 
temperature fields predicted by CFD analysis for each heat 
generation rates used in the model. 
 
Figure 3 compiles all flowrates through openings in the 
building. All intakes air comes in through the main opening 
the the lower level of atrium while all other openings push 
inside air to optside due to higher pressure generated by stack 
effect. Figure 4 shows a X-Y plot of  data shown in figure 3. 
It indicates that as heat generation rates increases (i.e. 
temperature inside increases), the flowrate of intake air 
increased as the equation above predictes. 

 
Figure 1. A building geometry under natural ventilation study 

 

 
Figure 2. Temperature distributions for each heat generation rates 

 
 

 
 

Figure 3. Flowrates through each opening in the building 
 
 
 

 
 

Figure 4. X-Y plot of data in figure 3 



 

Project Note 35: CFD Analysis for Natural Ventilation Effectiveness Evaluation: Part 2 
Features:  Effect of outdoor temperature on flowrate of intake of outdoor air 
 

 

 

A CFD analysis was conducted for the investigation of natural 
ventilation effectiveness. In other words, engineers like to 
make sure of intake amount of air when predifined opening is 
installed.  
 
Figure 1 shows a building under investiagtion. In the first and 
third levels, there are two large main openings while there are 
5 openings in the 2nd level. These two main opeings are located 
in the atrium of 3 levels. Outside temperature is assumed 70 °F 
that is known as an appropreaite temperature for natural 
vaentilation. Arrows in figure 1 indicates dominant air flow 
directions.  
 
The mathematical expression below represents pressure 
differences between inside and outside at the height with which 
an amount of infliltrated and exfiltrated air can be calculated. 
 

∆𝑃𝑃𝑠𝑠𝑠𝑠 =  
𝑃𝑃𝑜𝑜ℎ𝑔𝑔
𝑅𝑅𝑎𝑎
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∆Pst = Pressure difference between in and out 
Po = Outside pressure, h = height, To, Ti = temperature 
outside and inside, Ra = gas constant of air 
 
If no wind is assumed, the amount of outdoor aire entering the 
space is controlled by stack effect which is dependent on a 
couple of factors including the height of the building and 
inside/outside temperatures as shown in the equation above.  
 
To see the effect of outside temperature on air flowrate, the 
outside tempreature varies to 70 °F, 60 °F and 50 °F  in this 
CFD analysis. In this analysis, 20 kW internal heat source is 
used for all three cases. Figure 2 shows temperature fields 
predicted by CFD analysis for each outdoor temerpature used 
in the model.  
 
Figure 3 compiles all flowrates through openings in the 
building. All intakes air comes in through the main opening the 
the lower level of atrium while all other openings push inside 
air to optside due to higher pressure generated by stack effect. 
Figure 4 shows a X-Y plot of  data shown in figure 3. It 
indicates that as outdoor temeprature drops, the flowrate of 
intake air increased as the equation above predictes. 
 

 
Figure 1.  A building geometry under natural ventilation study 

 

 
 
Figure 2.  Temperature distributions for each outdoor temerpature 
 
 

 
 

Figure 3.  Flowrates through each opening in the building 
 

 
Figure 4.  X-Y plot of data in figure 3 



 

Project Note 36: CFD Analysis for Natural Ventilation Effectiveness Evaluation: Part 3 
Features:  Effect of opening size on flowrate of intake outdoor air 
 

 

 

A CFD analysis was conducted for the investigation of natural 
ventilation effectiveness. In other words, engineers like to 
make sure of intake amount of air when predifined opening is 
installed.  
 
Figure 1 shows a building under investiagtion. In the first and 
third levels, there are two large main openings while there are 
5 openings in the 2nd level. These two main opeings are located 
in the atrium of 3 levels. Outside temperature is assumed 70 °F 
that is known as an appropreaite temperature for natural 
vaentilation. Arrows in figure 1 indicates dominant air flow 
directions.  
 
The mathematical expression below represents pressure 
differences between inside and outside at the height with which 
an amount of infliltrated and exfiltrated air can be calculated. 
 

∆𝑃𝑃𝑠𝑠𝑠𝑠 =  
𝑃𝑃𝑜𝑜ℎ𝑔𝑔
𝑅𝑅𝑎𝑎
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∆Pst = Pressure difference between in and out 
Po = Outside pressure, h = height, To, Ti = temperature 
outside and inside, Ra = gas constant of air 
 
If no wind is assumed, the amount of outdoor aire entering the 
space is controlled by stack effect which is dependent on a 
couple of factors including the height of the building and 
inside/outside temperatures as shown in the equation above.  
 
To see the effect of opening size on air flowrate, two different 
opening sizes were employed in this CFD analysis: one with 
the original opening size and the other with double the sizes of 
each openings as seen in figure 2. In this analysis, 20 kW 
internal heat source and outdoor temperature of 70 °F were 
used for these two cases. Figure 3 shows temperature fields of 
each case predicted by CFD analysis.  
 
Figure 4 compiles flowrates through openings in each case. It 
shows when the size of opening get doubled, volumetric flow 
rate increased about 10 % . All intakes air comes in through 
the main opening the the lower level of atrium while all other 
openings push inside air to optside due to higher pressure 
generated by stack effect. 
 

 
Figure 1.  A building geometry under natural ventilation study 

 

 
 
Figure 2.  Building with an original opening sizes (left) and with 
doubled opening size (right) 
 
 

 
 

Figure 3.  Temperature distributions on the 2nd floor level 
 

 

Figure 4.  Flowrates of all openings in each case 



 

Project Note 37: CFD Analysis for Natural Ventilation Effectiveness Evaluation: Part 4 
Features:  Effect of building height on flowrate of intake outdoor air 
 

 

 

A CFD analysis was conducted for the investigation of natural 
ventilation effectiveness. In other words, engineers like to 
make sure of intake amount of air when predifined opening is 
installed.  
 
Figure 1 shows a building under investiagtion. In the first and 
third levels, there are two large main openings while there are 
5 openings in the 2nd level. These two main opeings are located 
in the atrium of 3 levels. Outside temperature is assumed 70 °F 
that is known as an appropreaite temperature for natural 
vaentilation. Arrows in figure 1 indicates dominant air flow 
directions.  
 
The mathematical expression below represents pressure 
differences between inside and outside at the height with which 
an amount of infliltrated and exfiltrated air can be calculated. 
 

∆𝑃𝑃𝑠𝑠𝑠𝑠 =  
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∆Pst = Pressure difference between in and out 
Po = Outside pressure, h = height, To, Ti = temperature 
outside and inside, Ra = gas constant of air 
 
If no wind is assumed, the amount of outdoor aire entering the 
space is controlled by stack effect which is dependent on a 
couple of factors including the height of the building and 
inside/outside temperatures as shown in the equation above.  
 
To see the effect of building height on air flowrate, two 
different heights were employed in this CFD analysis: one with 
the original height, 55.4 ft and the other with double the height, 
110.8 ft as seen in figure 2. In this analysis, 20 kW internal heat 
source and outdoor temperature of 70 °F were used for these 
two cases. Figure 3 shows temperature fields of each case 
predicted by CFD analysis.  
 
Figure 4 compiles flowrates through openings in each case. It 
shows when the height gets doubled, volumetric flow rate 
increased substaitally. In this case, for opeings on the 2nd 
floor, air directions are not the one direction, rather it is bi-
directions.  
 

 
Figure 1.  A building geometry under natural ventilation study 

 

 
 
Figure 2.  Building with an original opening sizes (left) and with 
doubled opening size (right) 
 
 

 
 

Figure 3.  Temperature distributions on the 2nd floor level 
 

 

Figure 4.  Flowrates of all openings in each case 



 

Project Note 38: CFD Modeling Analysis for Wind Harvesting Devices  
Features:  Wind harvesting, wind profile, wind turbines, sustainable energy conversion 

 

 

One of the best-known sustainable energy sources is wind. 
Wind energy is free, strong, and abundant. Even on a calm 
day, a strong wind exists at altitudes high above ground. So, 
careful considerations should be taken on how to use wind 
energy at higher altitudes and also independent of the 
direction of the wind. It has been common practice for a 
couple of decades to install wind turbines on the roof areas 
of high-rise buildings. 
 
One of the ideas on the rise these days is the use of large 
vertical duct systems where intake areas are installed at the 
highest point, guiding wind through large vertical ducts to 
ground level. At ground level, these structures have venturi 
style reduced area to boost the wind speed at ground level 
where wind turbine generators are installed to generate 
electricity. Engineers like to see especially speed magnitude 
at the venturi’s throat area as the kinetic energy of wind at 
that point will be applied for wind turbines. 
 
Figure 1 shows a typical shape of these wind harvesting 
structures. Normally it would reach more than 50 ft from 
ground level. There should be a diffuser after the venture 
throat to slow down the wind to get an appropriate pressure 
level. Figure 2 shows a wind profile (left) used in this study. 
The wind profile is generated by power law with 2 m/s at 2 
m level. In this study, a k-ε turbulent model and a Petrov-
Galerkin advection scheme was used. 2.2 million total 
tetrahedral cells were generated, mostly refined on the 
structure’s surface and inside. 
 
Figure 3 shows overall speed distributions on two 2-D 
section to get a general understanding of the flow. Figure 4 
shows the vector field, speed distributions, and static 
pressure distributions. As seen in figure 4, the air speed at 
the throat area is increased compared to the speed at inlet 
area. Of note is the built-up static pressure at the inlet area 
(i.e., mouth area), which prevents more air from entering 
the duct to some degree. This data indicates a need of an 
elaborative design of the inlet area of the devise, which 
enables more air flow enters the device resulting in higher 
wind speed at the throat area. A CFD analysis can help 
engineers to optimize the design. 

 
Figure 1.  Geometry of a typical wind harvesting structure (used 

in this study)  
 

  
 
Figure 2.  Wind profile using power law (left) and computational 
domain and mesh (right) 
 

 
 

Figure 3.  Wind speed distribution around a wind harvesting 
structure.  

 
Figure 4. Vector field (left), speed distribution (middle), and static 
pressure distribution (right) around and inside a wind harvesting 

structure 



 

Project Note 39: Flow Analysis in Boiler Duct with/without Guiding Vanes  
Features:  Achieving uniform speed distribution using guiding vanes 
 

 
  

A CFD analysis was conducted for approximately 35 ft of 
ductwork that was laid out from an FD fan to a boiler 
burner. The proposed ductwork and the corresponding 
CFD model are shown in Figure 1. Due to special 
constraints, the proposed ductwork included a 90° bend.  
 
It is a well-known fact that a 90° bend produces 
significant energy loss (loss coefficient, KL~1.1). 
Additionally, engineers were concerned about distorted 
air flow conditions (i.e. non-uniform speed distribution) 
at the boiler burner entrance. CFD modeling analysis was 
chosen for investigating existing conditions without any 
modification and to thereby decide whether the 
proposed duct layout could yield acceptable flow profile 
at the burner entrance. If acceptable conditions could 
not be met, appropriate modifications would be 
necessary. Modifications could include changing the 
ductwork layout, using a different duct shape, and/or 
employing guide vanes at the 90° bend. 
 
Figure 2 shows the flow trajectories (left) and air speed 
distributions at the section entering the boiler (right). As 
the results indicate, flow is severely distorted resulting 
in a highly non-uniform speed distribution.  One of the 
main reasons for this distortion is that air cannot reach 
fully developed conditions after a 90° bend. One of the 
best ways to shorten the re-developed distance is to 
install guide vanes. Employing guide vanes in most 90° 
bends can not only reduce energy loss but can also 
create uniform flow in a short downstream distance. 
 
The specifications for the guide vanes used in this 
modification are shown in Figure 3 (left), along with their 
CFD model (right).  Figure 4 shows air trajectories (left) 
and speed distributions (right) for the case with guide 
vanes. The results show significantly improved flow 
conditions at the section entering the boiler burner. 
Figure 5 shows a 3D rendering of the speed distribution 
at the burner entrance for both cases. It clearly shows an 
improvement in flow profile by comparison.  

Figure 1. Ductworks from an FD fan to a boiler burner: a schematic 
drawing (left) and a corresponding CFD model (right) 

 
 

Figure 2. Air particle trajectories (left) and speed distributions (right) in 
the case without guiding vanes 

  
Figure 3. CFD model incorporating guide vanes (left) and a specifications 

of guiding vanes employed (right) 

  
Figure 4.  Air particle trajectories (left) and speed distributions (right) in 

the case with guiding vanes 

  

Figure 5.3D visualization of speed distributions: no guiding vane case 
(left) and with guiding vane case (right) 



 

Project Note 40: Air Handling Unit Thermal Stratification CFD Modeling Analysis 
Features:  Freeze stat system trip, temperature stratification in air handling units 
 

 

It is well known that cold air and hot air don’t mix well, 
with such attempts resulting in thermal stratification. 
Often, this becomes a serious issue in air handling unit 
operation because of  nuisance trips of freeze stats. In 
order to be mixed well, hot and cold streams of air need 
appropriate traveling space before arriving at sensors.  
 
Figure 1 shows a portion of an AutoCAD drawing where a 
problematic region is shown (a) and its CFD model 
geometry (b). There is a about a 12-inch space between 
damper and pre-cooling coil intake areas where a freeze 
stat is installed. Normal damper operation mode during 
Winter is closed, but there is a possibility of outdoor air at 
0 °F leaking in. The maximum amount of leakage 
guaranteed by the manufacturer is 30 CFM. Engineers 
came up with the idea of injecting warm air through 
nozzles installed at the bottom of the duct. To prevent a 
thermal stratification, three configurations were 
proposed: the original configuration, Alternative 
Configuration 1 (AC1), and Alternative Configuration 2 
(AC2) (Figure 2).  
 
In AC1 it was proposed that the amount of injected warm 
air be increased and that uniformly distributed nozzles be 
employed rather than non-uniformly distributed nozzles 
as in the original configuration. In AC2, not only was an 
increase in the amount of warm air injected proposed, but 
changes in the number and locations of nozzles as well.  
 
Figure 3 shows speed vector distributions on a vertical 2D 
section, revealing a flow field of injected warm air. In this 
figure, it is obvious that a change of nozzle location plays a 
significant role in mixing efficiency, showing leaking cold 
air and injected warm air mixing better before the mixture 
arrives at the pre-cooling intake area.  
 
Figure 4 shows temperature distributions on a 2D section 
of the pre-cooling coil intake area for all three cases. The 
figure shows only two regions demarcated by a 
temperature of 37 °F, the setting value of the freeze stat 
installed at the pre-cooling coil intake area. It is easily seen 
that AC2 yielded the best performance among three 
configurations. The region below 37 °F was predicted to 
be limited to a narrow band at ceiling level. The effect of 
an increased number of nozzles is noticeable, showing a 
reactively uniform boundary between these two 
temperature regions.  

Figure 1.  AutoCAD drawing of the underlying space (a) and a 
CFD model (b) 

 

 
Figure 2. Drawing for originally proposed nozzle 

configuration(left and a), (b) Alternative Configuration 1,  
(c) Alternative Configuration 2 

 

 
Figure 3. Speed distributions in the space between damper and 

pre-cooling coil 
 

 
Figure 4. Temperature distribution at the cooling coil intake 

area: Blue color indicates regions under 37 °F, 
Red color indicates regions above 37 °F 



 

Project Note 41: Multi-Zonal Modeling for Elevator and Stairwell Shaft Pressurization 
Features:  CONTAM, zonal modeling, leakages between compartments   
 

 
  

The multi-zonal modeling approach was adopted to 
investigate the pressurization of the stairwell and 
freight elevator shafts in a building. In this 
investigation, CONTAM software developed by the 
Indoor Air Quality and Ventilation Group at the 
National Institute of Standards and Technologies 
(NIST) was used. The International Building Code 
(IBC) 2009 specifies a minimum of 25 Pa and a 
maximum of 87 Pa for stairwell pressurization 
systems, and a minimum of 25 Pa and a maximum of 
67 Pa for elevator pressurization systems.  
 

The building has 15 floors, a basement floor and a 
penthouse on the roof. The building will have 
residential units from the 3rd floor to 13th floors while 
the 1st to 2nd and 14th to 15th floors will be office or 
commercial space (Figure 1). The 1st and a typical 
residential floor plans with corresponding CONTAM 
models are shown in Figures 2 and 3. Since all 
compartments on each floor affect the pressure in 
the floors' corridor, all compartments from level B1 
to F15 and the penthouse should be modeled.  
 

A series of zonal modeling analyses according to 
various combination of flowrates were performed.  
Figure 4 shows plots of predicted pressure 
differentials across the shaft doors at each floor from 
basement to penthouse. The blue box in the plots 
represents the range of target pressure differentials 
(i.e., 25 Pa to 67 Pa).  Based on the analysis, the 
freight elevator shaft pressurization fan requires a 
range of volumetric flow rates from 13,000 cfm to 
16,000 cfm, and two stairwell shaft pressurization 
fans from 1,700 cfm to 2,200 cfm. 
 

Substantial coupling effects between the elevator 
and stairwell pressurization systems were observed. 
It is also noted that larger pressure differentials in 
the stairwell shaft occur at higher floors due to stack 
effect. However, stack effect in the elevator shaft 
was observed to be insignificant due to large 
flowrate of the elevator pressurization fan.  

Figure 1. An aerial photo of the building and an elevation plan. 

  
Figure 2. The floor plane of the 1st floor (left) and 
corresponding CONTAM model geometry (right). 

  
Figure 3.  The floor plane of a typical residential floor (left) and 

corresponding CONTAM model geometry (right). 

  

Figure 4.  Case 1 (left) : Elevator fan of 14,000 cfm, east 
stairwell fan of 1,600 cfm and west stairwell fan of 1,600 cfm 
and Case 2 (right):  Elevator fan of 16,000 cfm, east stairwell 

fan of 2,200 cfm and west stairwell fan of 2,000 cfm 



 

Project Note 42: Underground Parking Garage Airflow CFD Analysis 
Features:  Stagnation areas, car exhausts accumulation, performance-based design  
 

 

A CFD analysis of a flow field in underground parking 
garage was performed. One of the main goals for this 
study was to examine ventilation air speed 
distributions. It is well known that stagnation areas 
(i.e. low air speed areas) are areas where high 
concentration of automobile exhaust is likely to 
build-up.  
 

The garage consists of two levels with two main 
entrances located at the upper level (Figure 1). There 
is one ramp connecting the upper level to the lower 
level. In the upper level, there are five duct systems 
having 24 exhaust grilles, while six duct systems 
having 24 exhaust grilles exist for the lower level as 
shown in Figure 2. 
 

The makeup air trajectories from the parking lot 
entrances 1 and 2 are shown in Figure 3. The analysis 
predicts that most outdoor makeup air entering the 
upper level through entrance 1 flows down to the 
lower level through the ramp, providing ventilation 
for the lower level, while outdoor makeup air 
entering the upper level though entrance 2 provides 
ventilation mainly for the upper level.  
 

Figure 4 shows speed distributions in the upper and 
lower levels, which could help engineers identify low 
speed regions. When outdoor makeup air enters the 
space, it forms large vortex-like flow patterns due to 
inertia and internal obstructions, and the low speed 
regions are in the core regions of these vortex-like 
flow. 
 

Design engineers liked to improve a system 
performance especially in the lower floor. With 
knowledge of the flow patterns predicted in the base 
case analysis, they adjusted flowrates and locations 
of the exhaust grilles. Overall performances of an 
alternative are shown in figure 5 and it is predicted 
to be more effective especially in the lower floor.  

Figure 1. An overall geometry of the two-floor underground 
parking garage. 

  

Figure 2. the locations of exhaust ducts and grilles of the upper 
floor (left) and the lower floor (right) under originally proposed 

design. 

  

Figure 3.  Ventilation air trajectories from entrance 1(left) and 
entrance 2 (right) under originally proposed design. 

  
 

Figure 4. Air speed distributions under originally proposed 
design: the upper floor (left) and the lower floor (right). 

   

Figure 5.  Air speed distributions under an alternative design 
with several modifications: the upper floor (left) and the lower 

floor (right). 



 

Project Note 43: Building Atrium Airflow CFD Analysis for Thermal Sensation Issues 
Features:  Displacement and mixing ventilation schemes, solar heat gain through glazing 
 

  

A 7-story building’s atrium (Figure 1) is experiencing 
thermal sensation issues on the 3rd, 4th and 5th floors. To 
resolve these issues, engineers have proposed modifying 
the existing HVAC system making sure all levels can 
receive enough cooling. Before implementation, it was 
important to validate the solution by comparing the 
performance of the existing system to the modified 
system. A CFD modeling approach was chosen as the 
analysis tool which provided predicted temperature 
distributions of these two systems.  
 
The atrium has a whole wall glazing on one side and 5 
skylights on the ceiling through which significant solar 
irradiation heat comes into the atrium space. This solar 
irradiation, human beings, and lighting systems are the 
main heat sources in this atrium.  
 
Figure 2 shows ventilation air in and out of the space for 
the existing (left) and modified system (right). The 
existing system provides cooling air mostly from the 
diffuser system installed in the first floor peripheral while 
in the modified system, diffusers and returns were added 
on the 3rd, 4th, and 5th floors. 
 
Figures 3 and 4 show predicted temperature distributions 
under the existing system. The predicted temperature 
field exemplifies vertical thermal stratification typical of a 
displacement ventilation mode. Only 5% of supply air 
from the 1st floor is provided to the floors above (2nd to 
5th), which results in a highly-stratified temperature field. 
Note that the 5th floor receives direct solar irradiation (i.e. 
short wave radiation), creating a warmer environment on 
that floor.  
 
Figures 5 and 6 show predicted temperature distributions 
under the modified system. The additions of supply air on 
the 4th, 5th, and 6th floors significantly improve the overall 
temperature field in the atrium. As significant amount of 
supply air is provided on 4th, 5th and 6th floors, the 
temperature field is more likely to enter mixing 
ventilation mode resulting in overall temperature 
homogenization. This CFD results confirmed that the 
modifications resolved the thermal sensation issue in the 
3rd, 4th and 5th floors. Engineers replaced the existing 
systems with the modified systems with a high 
confidence. 

Figure 1. A photo of the building atrium (left) and its model 
geometry (right)  

 

  
Figure 2. A supply and return system in the existing system (left) 

and in the proposed modified system (right)  
 

 
Figure 3. Temperature distribution on a vertical plane with the 

existing system across floors 
 

 
Figure 4. Temperature distribution on a horizontal plane on the 3rd 

floor with the existing system 
 

 

Figure 5.   Temperature distribution on a vertical plane with the 
modified system across floors 

 

 
Figure 6. Temperature distribution on a horizontal plane on the 3rd 

floor under the modified system 



 

Project Note 44: Cleanroom Airflow CFD Analysis  
Features:  Cleanroom airflow requirements, laminar flow patterns, cleanroom specifications 
 

 

An airflow analysis of a cleanroom was performed using 
CFD simulation. The facility was undergoing ISO 5 
cleanroom expansion, so the focus of this analysis was on 
assessing the expanded design’s ability to meet ISO 5 
requirements. Fig.1 shows the corresponding CFD model 
with a mesh network.  
 
The cleanroom is an inspection room which will be used 
to inspect sensitive device components. The recirculation 
air enters the cleanroom from HEPA filter modules 
installed in the ceiling at 9 ft. above the floor. The room 
has return walls around all sides of the room which allows 
room air to be recirculated from the floor up through the 
walls to the ceiling plenum above where it is mixed with 
primary air from an air handling unit on a service 
mezzanine above the cleanroom. There are two 
inspection devices in this cleanroom (Fig.1). 
 
The proposed space has been preliminarily laid out as a 
square-shaped space rather than the traditional 
rectangular room configuration. Design engineers were 
concerned that the proposed square-shaped cleanroom 
might not allow for adequate airflow patterns in the 
cleanroom space. Therefore, CFD modeling techniques 
were used to investigate the airflow patterns before 
making final decision on return layout.  
 
Fig.2 shows the seed bed and its resulting flow patterns 
in a top-down view, and the corresponding elevation 
views are presented in Fig.3. More detailed flow patterns 
passing through the devices are seen in Fig.4, and two 
vector distributions are shown in Fig.5.  
 
With all predicted results, CFD analysis allowed the design 
engineers to see the effects of their original design or 
design changes on flow patterns, air speed, and flow 
angles in detail. In this case, airflow overall remained 
laminar (i.e. linear) from ceiling level to floor level. 
Following these results, this client was able to make a 
more informed and systematic engineering decision. 
 

Figure 1.  A meshed CFD model geometry with 2.7 million 
hexahedral cells 

 

  
Figure 2. The seed bed for flow trajectories covering devices A 

and B (left) and the corresponding flow patterns in a plan 
view (right) 

 

 
Figure 3. Flow trajectories in View 1 (up), in View 2 (down) 

from the seed bed defined in Figure 2.  
 

  

Figure 4.   Close-up flow patterns passing the device A table 
(left) and device table B (right)  

 

 

Figure 5. Vector distributions on a section crossing two 
devices A and B (up) and on a section between two devices A 

and B (down) 



 

Project Note 45: CFD Analysis: Wind effect on the Building Walls 
Features:  Wind patterns, static pressure distributions on the building surface due to wind 
 

 

CFD modeling analyses were performed for a study 
of evaluating wind’s effect on exterior walls of a 
commercial building as a part of moisture intrusion 
investigation.  This building is in an area which is 
notorious for dominant east winds of 50-80 mph 
occurring during the rainy winter months. The 
eastside wall of the building appears to be suffering 
from water intrusion at several of the construction 
flashing joints. Engineers suspected wind as one of 
the causes for that issue. Figure 1 shows the 
corresponding CFD model geometry. 
 

Four wind speeds were chosen based on the local 
wind information collected: 30 mph, 40 mph, 50 
mph, and 60 mph. For all cases, an east wind was 
considered. The fifth case simulated a configuration 
without the dike to see if the dike influences the flow 
field.  
 

Figures 2 and 3 show wind patterns in the front and 
back of the building. It is clearly shown that 
recirculation is formed at the lee side of the building 
resulting in negative pressure. 
 

Figure 4 shows pressure distributions on the eastside 
wall with 60 mph east wind. High static pressure 
areas were predicted on the upper portion of the 
wall. Predicted values of maximum static pressure 
ranged from 0.42 in. H2O under 30 mph winds to 
1.72 in. H2O under 60 mph winds. Based on four 
predicted values of maximum static pressure under 
four different wind speeds, a 2nd order polynomial 
regression analysis was performed, and the resultant 
model was used to estimate maximum pressures 
with different wind speeds. 
 

Figure 5 shows the difference in pressure 
distributions of the cases with and without the dike. 
The presence of the dike creates a physical 
obstruction that contracts the wind passage, 
resulting in stronger wind speeds passing over the 
dike towards the building causing pockets of high 
pressure areas on the upper portion of the wall.  
 

Figure 1. CFD model geometry  
 

 
Figure 2. The wind flow trajectories to show wind pattern 

around the building 
 

 
Figure 3. Wind flow trajectories at the back of the building 

showing recirculation formation 
 

 

Figure 4.   Static pressure distributions on the eastside wall of 
the building with 60 mph east wind 

 

 

Figure 5. Comparisons of the pressure distributions on the 
eastside wall of the building with 30 mph east wind with dike 

(left) and without dike (right)  



 

Project Note 46: CFD Investigation of Boiler Fume Spreading around Intake Louver Area 
Features:  Wind patterns, dilution factor, stack height effect, recirculation zones 
 

 

 
Wind flow CFD analyses for stack exhaust spreading 
around a building was performed. The tenants of the 
building have been complaining about combustion gas re-
entrance issues. The building is six stories high, with a 
penthouse centered on the roof. Intake louvers are 
located on the walls of the penthouse. The boilers are on 
the first floor with a stack rising through the building and 
terminating above the penthouse roof. The height of the 
existing stack is 45 in. from the penthouse roof (Fig. 1).  
 
Suspecting that this low-rising stack height may be the 
main reason for boiler exhaust re-entering the building, 
engineers would like to investigate the benefits of 
extending stack height to 10 ft. The performance 
differential between the two configurations will be 
compared. NW wind of 10 mph is chosen as the wind 
condition in both analyses. Nox is used as a trace gas for 
spreading comparisons between cases. Fig. 2 shows wind 
patterns generated by a NW 10-mph wind around the 
building.  
 
Fig. 3 represents Iso-volumes and shows distinct 
differences in exhaust spreading between the existing 
stack and an extended stack cases. The data indicates that 
in the existing stack case, intake air has a mass fraction of 
trace gas higher than or equal to of 6 x 10-7  while a mass 
fraction of trace gas less than 6 x 10-7 is predicted in an 
extended stack case. Fig. 4 represents the exhaust flow 
trajectories from the stack to downflow regions: (a) 
trajectories with an existing stack and (b) trajectories with 
an extended stack. It shows that a portion of exhaust 
from the existing stack will be stuck in the intake louver 
areas while most of the exhaust from an extended stack 
is able to escape from these regions.  
 
The data in Fig. 5 represents concentration distributions 
of a trace gas on the building surfaces. Noting that the 
mass fraction of trace gas at the stack is 5.23 x 10-5, the 
average dilution factors in the intake louver area are 
predicted to be 41 in the existing stack case and 326 in an 
extended stack case.  

Fig. 1 Aerial photo of the building under investigation and a 
corresponding CFD model geometry 

 

 
Fig. 2 Wind patterns generated by a NW 10-mph wind around 
the building 
 

 
Fig. 3 Iso-volumes at mass fraction of 6 x 10-7 of trace gas: (a) 
existing configuration: 45 in. stack height, 
 (b) test configuration: 10 ft. stack height.  

 

 

Fig. 4   Exhaust flow trajectories: (a) existing configuration: 
45 in. stack height, (b) test configuration: 10 ft. stack height. 

 

 

Fig. 5 Trace Gas Concentrations on Intake Louver Surfaces. 
Existing stack height of 45 in. (left), 10 ft. (right) 



 

Project Note 47: CFD Air Flow Analysis for Workbench Hood Area 
Features:  Exhaust flow patterns, air speed distributions 
 

  

A wide range of fume hoods and chemical workstations 
require adequate exhaust system to protect operators 
from toxic vapors/fumes and harmful particulates. An 
ideal exhaust system provides air flow strong enough to 
capture airborne contaminants and deliver it to an 
exhaust duct while not being overly strong as to create 
an uncomfortable work environment. The goal of this 
study was to optimize the exhaust flow rate to maintain 
a specific air flow speed at the front edge of the 
worktable. The engineering team came up with 
proposed flow rates as well as two lower and two 
higher flow rates, so a total of 5 exhaust flow rates were 
analyzed and compared. 
 
Fig.1 shows a proposed work table design with an 
exhaust duct system on one side (left). CFD was chosen 
as an analysis tool to evaluate the performance of this 
exhaust system by predicting air flow fields on and 
around the work table. Fig. 2 shows iso-volumes at 100 
FPM (left) and 50 FPM (middle); these are regions with 
predicted air speeds of 100+ FPM and 50+ FPM 
respectively. Air speeds far away from the exhaust are 
very low, which increase significantly as air approaches 
the exhaust slots. This is due to room air in all directions 
flowing towards the exhausts, unlike the reverse 
situation, e.g. with a diffuser. Air flow trajectories in Fig. 
2 (right) show air in most regions on the table flowing 
towards the exhaust. 
 
Fig. 3 shows air speed distributions at three vertical 
sections when the system is under the proposed 
exhaust flow rates. Since the exhaust duct is placed on 
the left side of the table (when facing the table), the air 
speed on the left side in each section is higher than the 
air speed on the right side. At the front edge of the 
table, the air speed is predicted to be higher than 20 
FPM over a large portion of the left side. In the vertical 
section 9 in. from the edge (towards the inside of the 
desk), most of the area on the left has air speeds higher 
than 50 FPM. Fig. 4 shows air speed distributions at the 
same vertical section (9 in from the front edge) under 
three different exhaust volumetric flow rates.  After 
careful review with all CFD results, engineers could 
choose adequate exhaust volumetric flow rate that 
provides a flow field that meets criteria. 

Fig. 1 A workbench hood system (left) and its meshed version 
(right) 
 

 
Fig. 2 Iso-volumes at 100 FPM (left), 50 FPM (middle) and air 
flow trajectories (right) under a proposed exhaust volumetric 
flow rate. 
 

 
Fig. 3 Air speed distributions at the front edge of the workbench 
(left), 5 in from the edge (middle), 9 in from the edge (right) 
with a proposed exhaust volumetric flow rate. 
 

 

Fig. 4   A comparison of air speed distributions at the 9 in from 
the front edge of the workbench, air speed distributions shown 
in the middle is with a proposed volumetric flow rate, reduced 
volumetric flow rate case (left) and increased volumetric flow 
rate (right) 

 
 

 



 

Project Note 48: CFD Analysis of Cold Draft due to Cold Glazing Surface during Winter 
Features:  Conjugate heat transfer, cold draft, thermal discomfort, condensation 
 

 

The cold surface of a wall of a glazing during winter has 
been an issue of condensation and cold draft. Cold draft 
caused by cold surfaces has been an issue especially in 
places where people need to stay long. Continuous 
exposure to cold draft can make people uncomfortable or 
even sick. One example is a patient room in a hospital 
where family or guests stay overnight, and where the 
guest bed is close to the glazing system.  
 
Figure 1 shows a patient room that has a large glazing over 
the wall. The room has a ceiling diffuser supplying air in 
four directions and a return which is located under the 
head cabinet (not shown well in the figure). CFD was 
chosen as an analysis tool for evaluating the cold draft 
issue under a proposed ventilation system. Factors that 
should be considered for this issue include a choice of 
windows (i.e. overall heat transfer, U), outdoor wind 
condition, and the supply air distribution system in the 
patient room. 
 
In this study, the window was assumed to be a double 
pane glazing with an overall heat transfer coefficient of 
0.35 Btu/(hr-ft2-°F). Outdoor temperature of 0 °F and no 
wind were assumed. The thickness of the glazing should 
be decided arbitrarily, then the conductive heat transfer 
value can be decided to match the overall heat transfer 
coefficient of the window used in the model. This is a 
conjugate heat transfer problem as it is associates 
conduction and convection.  
 
Figures 2 and 3 show temperature distributions of the 
outer and inner surfaces of the glazing. As shown in the 
figures, temperature is not uniform over the glazing 
surfaces because its distribution is affected by air 
movement inside the patient room and the vertical 
distance from the top edge of the glazing. Due to being 
colder than room temperature, air close to the cold 
glazing surface has higher density than the ambient room 
air. This heavier, colder air flows downward along the 
glazing surface and forms a cold draft which is shown in 
figure 4. Room temperature is about 76 °F. 
 

 
Figure 1. Patient room with a large glazing 

 

 
 

Figure 2. Temperature distribution at the outer 
surface of the glazing 

 

 
 

Figure 3. Temperature distribution at the inner 
surface of the glazing 

 

 
 

Figure 4. Temperature distributions at the 2D 
sections and glazing. It shows a cold draft in areas at 
the vicinity of the glazing 



 

Project Note 49: Performance Comparison of Large Office Ventilations Systems  
Features:  Underfloor Air Distribution (UFAD), Overhead Air Distributions (OHAD) 
 

 

A CFD analysis of a large commercial office was performed 
to compare performance of two air distribution systems in 
consideration: an overhead system, OHAD (mixing mode), 
and an underfloor system, UFAD (displacement mode). 
The main goal is to evaluate these two systems' 
performance based on numerically predicted flow and 
temperature fields under each proposed system. 
 
In this modeling analysis, the season of choice was winter 
(i.e., heating mode). Geometries were simplified to make 
the CFD modeling analysis feasible, cost-effective, and 
practical without compromising physics. Figures 1 and 2 
show CFD geometries with ventilation systems of UFAD 
and OHAD, respectively. Appropriate boundary conditions 
were imposed on the surfaces of the walls, glazing 
systems, and ceiling to accommodate heat loss to outdoor 
winter weather. All heat sources including human beings 
and computers were included in this analysis. 
 
Displacement mode is characterized by naturally 
generated stratification in density (thermal) and scalar 
concentration (contamination) while mixing mode 
ventilation aims at uniform temperature by mixing and 
uniform contaminant concentration by dilution. Perfect 
mixing ventilation does not generate a stratification of 
temperature and contaminant concentration. 
 
Figures 3 and 4 show predicted temperature distributions 
of the office with UFAD and OHAD systems respectively. 
Results show that temperature in the office space is more 
uniform in OHAD than UFAD and that the temperature 
gradient is seen more obviously in UFAD than in OHAD. It 
also predicts that temperature in the occupied region in 
UFAD is cooler than it is in OHAD.   Based on this predicted 
performance difference and results from CFD simulation 
analysis, design engineers can make an informed decision 
on system selection and furthermore can optimize the 
selected system. 

 
Figure 1. CFD model of underfloor air distribution 
system (UFAD) 

 

 
 

Figure 2. CFD model of overhead air distribution 
system (OHAD) 

 

 

 
Figure 3. Temperature distributions on two 2D 
sections: underfloor air distribution system (UFAD) 

 

 
 

Figure 4. Temperature distributions on two 2D 
sections: overhead air distribution system (OHAD) 



Project Note 50: CFD Analysis of Localized Cooling System in Factory 
Features:  Oasis cooling system concept, industrial cooling practices 
 

A modeling technique using Computational Fluid 
Dynamics (CFD) was applied to evaluate localized 
cooling systems (Oasis Cooling) for a large processing 
building. Temperature and air speed distributions were 
sought to access the effectiveness of the system. The 
goal of this cooling system is to maintain 80 °F and 100 
FPM in most working areas. 
 
One typical Oasis cooling unit was focused on for the 
performance evaluation (Fig. 1). The cooling area is 
surrounded by carts. There are gaps between carts 
through which inside (cool) and outside (hot) air can 
be exchanged. Air temperature outside the cooling 
area was assumed 105 °F.  
 

For effective use of computing resources, the whole 
domain can be subdivided into two sections due to 
symmetric geometry and conditions. The conversion of 
the 3D geometry to hexahedral-based CFD geometry 
(Fig. 2). The steady state results were achieved 
through a transient analysis. Animation results (not 
shown here) indicated the filed variables become 
steady around 150 sec. after system start. 
 
Figs. 3 and 4 show temperature and speed 
distributions of typical section in the area. It reveals 
that the air temperature is about 78 °F ~ 84 °F in most 
working areas. The air speeds in working areas are 
higher than 100 FPM (facial air speed at the diffuser) 
which indicates that cold air is being pushed 
downwards furthermore by buoyant force. Two factors 
- environmental air temperature and internal heat load 
- were examined. Fig. 5 shows the temperature fields 
with two environmental air temperatures of 105 °F 
and 95 °F. 
 
Figure 6 presents the interaction between the inside 
and outside air. It shows that cold air flows out 
through the lower portion of the gaps while outside 
hot air comes into the area through the gaps in the 
upper level. This infiltration of hot air is more 
significant than the internal heat load in increasing 
cooling load for the cooling system. 
 

 
Figure 1. A typical configuration of localized cooling 
system: Oasis Cooling system 

 
Figure 2. Conversion of 3D geometry to hexahedral-based 
CFD geometry for an analysis 

 
Figure 3. Temperature distributions in a typical internal 
section 

 
Figure 4. Speed distributions in a typical internal section 

 
Figure 5. Effect of environmental air temperature on 
flow field: 105 °F (above) 95 °F (below) 

 
Figure 6. Vector field visualization of the side section 



 

Project Note 51: Condensing Unit Area in Recirculation Zone due to Wind 
Features:  Exhaust trapped in recirculation zones deteriorate unit performance 
 

 

A data center with a chiller yard on the west side of the 
building is under construction. The chiller yard will have 
eight chillers with a capacity of 500 tons each. The 
exhaust temperature is assumed to be 157 °F. Fig. 1 
shows the overall geometry. 
 
Engineers were concerned about the impact of re-
circulation due to wind on the chiller intake area 
temperature field. The working clearances are in 
accordance to the specifications by the manufacturer, but 
the chillers are close together enough to raise concerns 
on the impact of recirculation on the chiller intake area 
temperature field. This risk was investigated by 
employing a Flonomix CFD modeling study before making 
any final design decisions. 
 
Two wind directions were considered: an east wind and a 
west wind (results not shown). In both cases, wind speed 
was assumed 10 mph with an outdoor air temperature of 
110 °F. For the west wind case, there were also concerns 
that condensing exhaust might be trapped in front of the 
building causing high temperature in that area. 
 
Fig. 2 and 3 shows speed distributions in the recirculation 
zones where significant speed reductions were noticed. 
Fig. 4 shows vector distributions crossing central 
condensing units. A portion of the condensing exhaust is 
predicted to recirculate and flow into the intake area. 
Resulting temperature distributions are shown in Fig. 5. 
The chillers close to the concrete wall were predicted to 
be operating in the most sub-optimal conditions, where 
the intake temperature of the chiller was predicted to 
reach 150 °F. This was also predicted with west wind 
configuration (not shown here). 
 
Due to these predicted effects, further design changes 
were found to be necessary if the intake temperatures 
were unacceptable.  

Figure 1. The overall geometry of the data center and 
condensing unit area 

  
Figure 2. The condensing unit area (left) and wind speed 
distributions (right) under east wind of 10 MHP 

 
Figure 3.  Wind speed distributions in the recirculation zone 

 
Figure 4. Vector distributions in the condensing unit area under 
10 MPH east wind  

 
Figure 5.   Resulting temperature distributions in the 
condensing unit area under 10 MPH east wind 



 

Project Note 52: CFD Analysis for Evaluating Thermal Energy Storage Effectiveness 
Features:  Naturally stratified thermocline phenomena, transient CFD simulation 

 

 

Flonomix recently conducted CFD modeling analyses of a 
Thermal Energy Storage (TES) System (Fig. 1).  Chilled-
water TES uses a naturally stratified thermocline (Fig. 2) 
to chill and store water by running during off-peak 
periods and utilizing the stored water during the peak 
periods, saving energy as well as cost. 
 

Transient CFD analyses of the designed diffuser system 
running under (1) charging mode and (2) depletion 
mode operations were performed to investigate flow 
and temperature fields generated in each mode. Fig. 3 
depicts both modes operations. 
 

A. Charging Mode Operation Analysis 
 

A 60-min charging operation was simulated to 
investigate the behavior of the temperature and flow 
fields generated by the system. Initial status of the TES 
tank was assumed as being full of warm water at 61 °F. 
Chilled water at 41°F then entered the TES tank through 
the lower diffuser system. The main thermal energy 
exchanges were assumed to occur between the warm 
and cold water, and the tank walls were assumed to be 
well insulated (i.e., adiabatic).  Fig. 4 shows the 
temperature distribution on a centrally located 2D 
vertical section after a 60-min charging mode operation, 
showing that a well-defined thermal stratification will 
form. 
 
B. Depletion Mode Operation Analysis 
 

A 60-min depletion mode operation was simulated to 
investigate the behavior of the temperature and flow 
fields generated by the system. Initial status of the TES 
tank was assumed as being full of cold water at 41 °F. 
Warm water at 61°F then entered the TES tank through 
the upper diffuser system. These simulation 
configurations and conditions yielded similar results as 
in the charging mode operation model. Fig. 5 shows the 
temperature distribution on a centrally located 2D 
vertical section after a 60-min depletion mode 
operation, showing that a well-defined thermal 
stratification will form. 

Figure 1. Configuration of Thermal Storage System 

 
Figure 2. Naturally stratified thermocline (figure from 
internet) 

 
Figure 3. Operations of Charging mode (up) and 
depletion mode (down) 

 
Figure 4. Temperature distributions after a 60-min 
charging mode operation assuming TES tank initially 
filled with water at 61°F 

 
Figure 5. Temperature distributions after a 60-min 
depletion mode operation assuming TES tank initially 
filled with water at 41°F 



 

Project Note 53: Fire/Smoke CFD Analysis for Museum Extension 
Features:  Performance based approach design for smoke removal system 

 

 

The purpose of this CFD analysis was to evaluate 
whether a proposed smoke exhaust system conforms to 
building codes, ensuring that occupants can exit the 
building safely in the event of a fire. 
 
The subject of analysis was a museum consisting of a 4-
level building with a central atrium and a newly added 3-
level exhibition wing (Fig. 1), atmospherically connected 
to each other. An air-smoke mixture was exhausted 
through a total of twelve exhaust fans located in both 
the existing and new building spaces. An equal amount 
of air was introduced through active makeup air systems 
and a passive makeup air opening.  
 
Two fire scenarios were considered in this study. Fire 
Scenario 1 assumes a central atrium fire on the first level 
of the existing building. Fire Scenario 2 (not shown here) 
assumes a fire on the first floor in the open connecting 
space of the new exhibition wing. The design fire used to 
evaluate the proposed atrium smoke exhaust system in 
both scenarios is a fast t2 fire with a maximum heat 
release rate of 3,000 kW.    
 
It also is assumed that, 70 sec after fire ignition, a signal 
from a smoke detector activates the smoke exhaust 
system. To help visibility, light emitting signs were 
assumed to be used for exit signs.  
 
Widely accepted tenable criteria and values include:  
Visibility ≥ 10 m, toxicity (CO concentration) ≤ 1400 ppm, 
thermal exposure ≤ 60 °C. After simulation was 
complete, the atrium tenability conditions were 
evaluated against the performance criteria, particularly 
at the level of 6 feet above the highest walking surfaces. 
(This surface is on the fourth level in existing building 
areas, at an elevation extending through the third floor 
of the new exhibition wing.) 
 
Figs. 3 through 6 show the predicted distributions of 
tenable parameters on 2D vertical section crossing the 
fire 1200 sec after ignition, including: smoke spreading, 
visibility, toxicity, and thermal exposure. 

Figure 1. Configuration of museum with extension (left 
part) 

 
Figure 2. Geometry conversion from 3D solid geometry 
to hexahedral cell based geometry for CFD analysis 

 

Figure 3.  Smoke progress at 1200 sec after ignition 

 
Figure 4. Visibility distributions at 1200 sec after ignition 

 
Figure 5. Toxicity distributions at 1200 sec after ignition 

 

 
Figure 6. Temperature distributions at 1200 sec after 
ignition 



 

Project Note 54: CFD Analysis for Optimizing Ventilation System in Firing Range 
Features:  Laminar, linear flow field to prevent gun smoke form flowing back 
 

 

An air flow CFD analysis for a firing range was 
performed (Fig. 1). Poorly designed ventilation 
systems of firing ranges can produce air currents and 
recirculation that can carry fumes and dust to the 
area behind the firing line. The ideal air flow pattern 
is a linear flow pattern flowing from the firing line 
area (normally front area) to the back area where 
bullet traps are usually located.  
 

The goal of this study is to predict air flow patterns 
under different sets of diffuser configurations to see 
which ones produce acceptable linear flow patterns. 
Total four different diffuser systems were proposed 
and investigated (only two set of four configurations 
shown here). 
 

Fig. 2 shows the flow field under the NO. 2 diffuser 
system configuration. Due to its flow angle, the 
supplying air flow hits the floor beyond the firing 
line. This indicates that the flow at a point below a 
normal person’s chest level (5 FT) would have an air 
speed greater than or equal to 85 FPM and would 
flow in the longitudinal direction. Recirculation 
patterns due to entrainment action of the injected 
air were revealed in the upper level of the area 
around firing line. The dashed red ellipses in Fig. 3 
show the areas of recirculation. 
 

With modifications, the overall flow field in the NO. 
4 configuration is improved (shown in Fig. 4 and 5) 
compared to the flow fields predicted in other three 
configurations. The vector field before firing line 
reveals a parallel and forwarding flow in most 
regions. Recirculation flow is observed in a separate 
diffuser section (far left portion of the firing range), 
but the strength and scale of recirculation are 
insignificant. Diffuser configuration NO. 4 was 
eventually chosen by the engineers. 
 

Figure 1. Configuration of firing range and ventilation 
system 

 
Figure 2. Ventilation air speed distributions on several 
2D sections with NO2 diffuser system configuration 

 
Figure 3. Vector distributions on a vertical 2D section 
with NO2 diffuser system configuration 

 
Figure 4.  Ventilation air speed distributions on several 
2D sections with NO4 diffuser system configuration 
 

 
Figure 5.    Vector distributions on a vertical 2D section 
with NO2 diffuser system configuration 



 

Project Note 55: CFD Analysis of Ventilation Flow in an Airplane Cabin 
Features:  Airplane cabin air flow, thermal comfort and draft comfort 
 

 

An air flow CFD analysis for an airplane cabin 
ventilation was performed. Fig. 1 shows a section of 
a typical passenger airliner cabin (left) and its CFD 
geometry indicating locations of overhead diffusers 
and floor returns. Poorly designed ventilation 
systems of cabin areas produce air currents and 
recirculation that not only carry pathogens and air-
borne contaminants causing passengers to become 
sick, but also causes discomfort due to high 
ventilation air speed and locally focused air draft. 
 

Fig. 2 illustrates the airplane ventilation processes 
(left, acquired from internet) and fresh air 
requirements specified by the FAA (right, ASHRAE 
handbook 2011). Fresh air enters engine 
compressors at about -65 °F. As the air is 
compressed, temperature and pressure are 
increased. This high temperature air is cooled down 
by cold outdoor air. Conditioned fresh air passes 
hospital-grade HEPA filters that can remove 99.7% of 
air-borne particles including bacteria and viruses. 
After HEPA filtration, fresh and clean air is mixed 
with recirculated air at a ratio of 50/50, and then 
distributed to overhead air intakes entering the 
cabin area. Most airliner ventilation systems are 
designed to meet a 20 ACH (i.e. refreshed 20 times 
an hour).  Due to specification by the FAA (Fig.2. 
right), fresh air requirement depends on the attitude 
and cabin pressure. 
 

Fig. 3 shows air speed (left) and vector (right) 
distributions on a 2D section of the middle row when 
each individual diffuser provides 10 CFM of air. 
Speed and vector distributions on a longitudinal 
direction in the middle section of the cabin are 
shown in Fig.4. Fig. 5 shows speed distributions on 
passengers’ head area. Engineers could investigate 
performances with other air volumetric flowrates or 
other modifications, and optimize the design to 
meet a design goal.  
 

 

Figure 1. Configuration of a typical airplane cabin section 
used for the study and its CFD geometry (right) that 
describes configuration of diffusers and returns 

 
Figure 2. Fresh air requirement specified by FAA 

 

Figure 3. Speed and vector distributions on a vertical 2D 
section in the middle row cross the section 

 
Figure 4.   Speed and vector distributions on a vertical 2D 
section in the middle section 
 

 
Figure 5.    Speed distributions on a horizontal 2D section 
at head level (4.5 FT from the floor) 



 

Project Note 56: CFD Analysis for Helicopter Exhaust Spreading on the Roof 
Features:  Helicopter exhaust spreading, wind flow, contaminant entering a building 
 

 

An air flow CFD analysis for helicopter exhaust 
spreading investigation was performed. A six-story 
hospital building has a helipad on the roof where 
patient transportation helicopters are taking-off and 
landing frequently. Doctors, nurses and patients in 
the building have complained about the exhaust 
smell when a helicopter is landing or taking-off.  
 

On the roof, the two outdoor air intakes are located 
close to the helipad (Fig. 1). Engineers believed that 
these two intakes were the primary passages for the 
helicopter exhaust to enter the building.  Installing a 
barrier wall in the exhaust passage was proposed. A 
CFD analysis was chosen to test the size and location 
of the proposed barrier walls and to choose the best 
option. NW wind (the worst scenario) of 10 mph 
(dominant wind speed for NW wind in this location) 
was used for the analysis. 
 

Fig. 2 shows flow field results while the helicopter’s 
rotor is engaged: flow vectors on a horizontal 2D 
section below the rotor (left) and the iso-surface of 
120 PPM of exhaust concentration (it amounts to 
0.0012 dilution factor in this analysis) on the right. 
The down flow generated by rotor operation (left) 
and exhaust entering the building at 120 PPM are 
clearly observed (right). 
 

After existing condition was simulated, two 
proposed barrier walls were proposed: the 
configurations of proposed wall 1 and wall 2 are 
shown in Fig. 3. Wall 1 is more elaborate and 
expensive while wall 2 is simpler, easy to install and 
cost effective. Fig. 4 shows iso-surfaces of 0.0012 
dilution factor for wall 1 and 2. These results show 
the effectiveness of barrier walls in blocking 
helicopter exhaust in its way to intake areas. Fig. 5 
shows the summary comparison of entering air 
exhaust concentration at intakes for all cases. Based 
on these results, engineers were able to make an 
informed decision to minimize helicopter exhaust 
going into outdoor intakes. 
 

 

Figure 1. Configuration around the rooftop area showing 
two intake louvers, the helipad, and the helicopter about 
to take-off  

  
Figure 2. Velocity vector on a section below rotor (left) 
and helicopter exhaust iso-surface contour at 120 ppm 
(right) 

  

Figure 3. Proposed wall 1 (left) and wall 2 (right) 

  
Figure 4. Iso-surfaces at 80 ppm of wall 1 (left) and wall 2 
(right) 
 

 
Figure5. Predicted exhaust concentrations at intakes 1 
and 2 for existing case (no wall), wall 1 and wall 2 



 

Project Note 57: CFD Analysis for Data Center Cooling Effectiveness 
Features:  Hot spots, recirculation, plenum height, free area ratio 
 

 

A data center is designed utilizing a conventional hot 
and cold aisle scheme with perimeter cooling CRAC 
units and a 16-inch plenum. It has 8 rows of server 
racks where each row has 10 racks. Engineers liked 
to evaluate whether this proposed cooling system 
can effectively cool down the data center where 
servers will generate a heat of 10 KW (Base Case), 8 
KW (AC1), and 6 KW (AC2 not shown here) per rack. 
CFD was chosen as the tool for analysis. Fig. 1 shows 
the meshed CFD model of the data center. 
 

Fig. 2 shows temperature distribution on a horizontal 
2D section and surface temperature distributions. 
The result identified several hot spots especially 
formed in the far end of the racks in hot aisle side. 
Fig. 3 represents flow trajectories showing flow 
patterns of cooling air from cold aisle, and the results 
shows clearly formation of overhead recirculation 
(circled in red in Fig. 2) from hot aisle to cold aisle. 
Recirculation is formed mainly due to un-uniformity 
of flow rates through floor tiles (Bernoulli 
relationship).  
 

To understand non-uniform flow profile, vector 
fields in a cold aisle was presented. It is clearly shown 
that higher air volume occurs through central tiles. 
This un-uniformity of flow profile results in the 
formation of recirculation which is responsible for 
high temperature spots on hot aisle sides. It’s been 
known that a free area ratio of the floor tile and a 
plenum height are also important factors in control 
of the formation of the recirculation. Fig. 5 shows the 
result for intermediate heat generation (AC1), 8 kW 
per rack. The highest temperature reaches around 
90 °F in a very limited region and most of the hot 
aisle area maintains 75~82 °F level.  
 
 

 

Figure 1. Data venter configuration with mesh 

 
Figure 2. Temperature distributions on 2D horizontal 
section overlapped with server surface temperature 

 
Figure 3. Flow trajectories showing recirculation from 
fold aisles to hot aisles 

 

Figure 4. Flow vector on a cold aisle showing flow 
direction when entering data center from plenum 
 

 
Figure 5. Temperature distributions and server surface 
temperatures of AC1, intermediate server heat 
generation, 6 KW per rack 



 

Project Note 58: CFD Analysis of Air Handling Unit (AHU) 
Features:  Moisture carry-over issue, local high air speed regions 
 

Normally there are typical two issues relateded to Air Handling Unit (AHU) performances, one is 
about a thermal stratification which may cause cold air hitting the sensors sometimes resulting in 
system shutdown, and the other is about moister carryover issue, in which high speed air 
transports moisture to filters and duct area.  

Figure 1 shows an overall geometry of the underlying Air Handling Unit.  A plug fan moves 
air from a mixing chamber through cooling coils and a filter deck, after which the 
conditioned air is channeled into a distributing duct. 

Unfortunately, water moisture formed on the cooling coils was carried by high-speed air 
flow, causing the filter to become wet.  To resolve this issue, engineers decided to analyze 
the flow field under the existing conditions in order to identify the source of the problem 
(i.e., local high speed), allowing them to make the proper modifications. 

Figure 2 shows a part of the CFD simulation data. It predicts air speed distributions right 
before the cooling coils as well as fluid particle trajectories which gave engineers insight 
as to how air behaves in the Air Handling Unit.  Color in the figure follows the legend range 
0 fpm (blue) to 600 fpm (red). 
 
CFD predicts regions of air flow traveling at faster than carryover speed (in this analysis 
about 600 fpm in this case), which is the speed at which the air flow will start to carry the 
moisture formed on the cooling coils.  It also reveals non-uniform air flow distribution on 
the filter deck (skewed to the upper portion).  With this information, engineers can 
rationally re-design or modify existing geometry to correct these problems. 
 
 

  
Figure 1. Overall geometry of the Air 
Handling Unit 

Figure 2.  Speed distribution at the cooling 
coil and air flow trajectories 

 
 



 

Project Note 59: CFD Analysis of Air Handling Unit (AHU) 
Features:  Mixing efficiency, temperature stratification, mixing chamber modifications 
 

  

Air Handling Unit in the City Hall HVAC systems tripped 
several times during the wintertime. Those trips have 
been triggered by two freezestats (upper and lower ones) 
installed at the back of cooling coil located downstream. 
It was obvious that air streams in the mixing chamber 
were not mixed well enough resulting in temperature 
stratification. Engineers considered modifications of the 
mixing chamber and tried to evaluate modifications with 
CFD analysis. 

Figure 1 shows the mixing chamber configuration with RA 
and OA inlets. RA and OA enter the mixing chamber with 
40 and 45 degrees facing each other. For CFD validation, 
temepratures at the filter deck were measured and with 
the same conditions CFD was performed for comparison 
which showed acceptable agreement (Figure 2). 
Engineers had a variety of modification ideas including 
installment of baffles with various locations, sizes, and 
porosities.   

Figure 3 shows modifications which has two baffles: one 
is in front of filter decks and the other close to OA inlets 
which have three different angles. The predicted 
temperature distributions at the face of the filter deck are 
shown in Figure 4 respectively.  With these results, 
modification with a baffle of a large angle performs better 
than others yielding more uniform temperature 
distributions.  

As a qualitative evaluation, we can define mixing 
efficiency below Equation (1), 
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Where tmax, tmin, are the maximum and minimum 
temperatures at the filter face of which temperatures 
were captured. And tRA, tOA are the return and outdoor 
air temperatures. Table 1 shows mixing efficiencies of 
various modifications (not all shown in this summary). 
Note that original configuration produced 28.7%. Based 
on this study, the case 9-4 performs the best among 
others. 

Figure 1. Mixing chamber configuration in Air handling 
unit (left) and intake air directions (right) 

  

Figure 2. CFD validation: CFD results (left) and measurements 
(right) under the same conditions (27°F OA and 73°F RA) 

 

Figure 3. Modifications in mixing chamber: add solid baffles 
with varying angles: Intermediate, small, and large angles 

 

Figure 4. Resulting temperature distributions on the filter area: 
Intermediate, small, and large angles as shown in Figure 3. 
 

 
 
Table 1. Mixing efficiencies (Equation (1)) according to various 
mixing chamber modifications  



 

Project Note 60: CFD Analysis for Air Handling Unit Fan Failure Issue Part 1 
Features:  Fan inlet flow conditions, sound trap, ununiform AHU configuration 
 

 

A CFD analysis was requested for an investigation of 
supply air fan failure problem occurred in an AHU of a 
high-rise building.  The unit has three supply air fans, of 
which a fan #3 broke down twice in a short period of time. 
The flow area of the unit has a reduction between cooling 
coil and sound traps (ST). Reviewing the issue, engineers 
realized that the vertical location of the fans was installed 
lower than the original design, and the distance between 
ST were shorter than the design values.  

The configurations of “As it is” and “Designed” are shown 
in Fig. 1. Engineers wondered if the difference might have 
caused undesirable airflow profile causing fan 
breakdown. The main goal of CFD was to simulate detail 
flow conditions at fan inlet area for “As it is” and 
“Designed” cases and evaluate how much different 
theses flow fields would be and investigate if the air flow 
profile is seriously undesirable. 

Fig. 2 shows flow trajectories (left) and speed 
distributions at the inlet areas of the fans (right). Since ST 
are responsible for flow straightening and flow staggering 
effects (shown on the right of Fig. 2), distance between 
fan inlet and ST, and width of ST could be one of factors 
affecting flow condition around fan inlet area. The results 
revealed nonuniform speed distribution in Fan #1, #3 
inlet area and showed especially high-speed areas (corner 
effect) in the lower right corner of Fan #3 inlet area in “As 
it is” configuration. Staggering effect is critical factor in 
“As it is” condition. In “Designed” condition, flow 
condition becomes more uniform than that in “As it is” 
configuration. 

It is shown in Fig. 3 that the flow conditions in “As it is” is 
more distorted in the right lower portion of an inlet area. 
This is thought to be due to reduction of areas causing 
corner effect, and the shorter distance between the fan 
and ST in “As it is” configuration. The flow condition looks 
relatively uniform in “Designed” condition, but trace of 
staggering effect remains. To fix this, engineers proposed 
a couple of modifications.  

Figure 1. Supply fan area configurations. Note the 
differences between two configurations in the distance 
from sound trap and vertical fan center locations 

  
Figure 2. Air flow trajectories of two configurations (left) 
and air speed distributions at fan inlet (right)  

 
Figure 3. Vector distributions of two configurations showing air 
flow conditions in fan inlet areas 



 

Project Note 61: CFD Analysis for Air Handling Unit Fan Failure Issue Part 2 
Features:  Fan inlet flow conditions, sound attenuator, ununiform AHU configuration 
 

  

This CFD story is an extension to the previous Project 
Note 57.  

One of fans installed in AHU in a high-rise building 
broke down two times during the normal operations. 
Engineers from owners, MEP and installation 
company realized that the installed fan locations did 
not follow the original design. They resorted on CFD 
to see if this caused an undesirable air flow at the 
inlet of the fans.  

CFD analysis discussed in the Project Note 57 showed 
that the flow field at the inlet of the fans were quite 
different. Not only for that, but also there are other 
concerns due to unanimity of flow area (reduction 
and expansion) and staggering flow profile induced 
by the presence of sound trap (ST). 

With the results of CFD analysis, an engineer 
proposed modifications: getting rid of ST to avoid 
staggering flow effects and move the fan vertical 
location up to the center of the AHU. Fig. 1 shows the 
proposed 1B and “as it is” configurations. The results 
are shown in Fig. 2. Since there is no ST, there is no 
staggering flow impinging on fan blades but still has 
a high-speed region due to the recirculation effect.  

With the help of CFD capability, engineers tried 
furthermore modifications to improve flow profile 
by getting rid of contraction effect still shown in 
proposed 1B configuration. 

The new idea is to move fan horizontally up to the 
neck of the contraction portion of the AHU. Fig. 4 
shows the results and comparisons with proposed 1B 
configuration results. It revels that the flow profile 
improved furthermore with the new modifications. 

 

  

 

Figure 1. Supply fan area modifications: As it is (left) and 
proposed 1B (right). Note height of the fan is changed 
and Sound Trap was eliminated 

  
Figure 2. Flow profiles at the inlet of the fans for both 
cases, proposed 1B and “as it is” configurations: Vector 
distributions (left) and speed distributions (right) 

 
Figure 3. Modifications of proposed 1B configuration. 
Note that fan is forwarded up to the neck of the 
contraction  

  

Figure 4.  Flow profiles at the inlet of the fans for both 
cases, modified 1B and proposed 1B: Vector 
distributions (left) and speed distributions (right) 
 



 

Project Note 62: Chlorine Smell Issue in a Chemical Lab 
Features:  Smell discomfort, chemical spreading, optimized modifications 
 

 

Chlorine sources were located in the sump area, trench 
area, and on the surface of three tanks in the chemical 
laboratory as shown in Fig. 1.  
 

The engineers decided to focus first on the sump and 
trench, which were the largest sources of chlorine, so 
they turned off the other sources (tanks) of chlorine in the 
model. The chemical company's engineers suggested two 
exhaust system configurations, which they thought had 
the best chance of succeeding in this difficult area of the 
problem. Each configuration used four 200 cfm exhausts 
for the trench and one for the sump. In the first case, the 
exhausts were located under covers that were positioned 
on top of the trench and sump, while in the second they 
were located above the trench and sump covers. The 
consultants then ran simulations to predict the chlorine 
concentration at a height of 4 feet, 6 feet, and 8 feet from 
floor level. The results of these simulations showed that 
placing the exhausts 2 feet under the sump cover and 
trench cover provided superior results (not shown in this 
report). 
 

With this key point established, Flonomix engineers 
moved on to evaluate the effects of adding the other 
sources. They positioned exhausts under the covers of 
the sumps and trenches, the design that was shown to be 
best from the earlier simulation. Then they added 
additional 400 cfm exhausts above the three tanks while 
varying the gap between the top of the tank and the 
exhaust at 2 feet and 4 feet (Fig.2). The consultants then 
ran the simulation to evaluate the performances of each 
case, i.e. chlorine concentrations at a height of 4 feet, 6 
feet, and 8 feet. Figs. 3-5 show the chlorine 
concentrations at a height of 4 feet for no-modification 
case, modified cases 3 and 4. 
 

Examining chlorine concentrations all the levels for these 
cases, it was concluded that placing the exhausts 2 feet 
above the tanks provided superior results.  
 

With all those examinations, it was recommended that 
the exhausts be positioned two feet above the surfaces 
to maintain chlorine concentration at minimal levels as 
predicted by the simulation, with the sump and trench 
exhausts located under the covers and the tank 
exhausts.  

Fig. 1 Chlorine sources in the chemical lab: sump, trench, 
No.23, No.24 and No.25 tanks 

 
Fig. 2 Addition of exhaust and the gaps between exhaust 
and tank upper surface: 4 feet for modified case 3 and 2 
feet for modified case 4 

 
Fig. 3 Chlorine concentration at an elevation of 4 feet 
without modification (as it is) 

 
Fig. 4 Modified case 3: Chlorine concentration at an 
elevation of 4 feet 

 
Fig. 5 Modified case 4: Chlorine concentration at an 

elevation of 4 feet 
 



Project Note 63: Data Center Condensing Unit Yard CFD Analysis 
Features: Data center, recirculation area, exhaust air re-entering 

A CFD analysis was conducted for the chiller yard area of 
a company’s data center. When wind blows, the lee side 
of the building will form recirculation where air can be 
trapped. And engineers were concerned about the 
impact of re-circulation on the chiller intake area 
temperature field. Fig. 1 shows a data center and chiller 
yard area.  

A data center which has a chiller yard on the west side of 
the building is under construction. The chiller yard is 
going to have eight chillers with a capacity of 500 tons 
each. Each chiller has 28 fans that exhausts 9214 CFM per 
fan. The exhaust temperature is assumed to be 
157 °F. The working clearances are well maintained 
according to the specifications by the MFG, but chiller 
configurations are fairly tight due to their tolerances.  

In this Base Case modeling study, we considered all eight 
chillers as operating at its full capacity. An east wind of 10 
mph with 110 °F outdoor air conditions was assumed in 
this study. Fig. 2 shows flow fields (speed and vector) and 
it is obvious that recirculation is generated due to blowing 
wind. Fig. 3 shows a set of pre-selected 2D section for 
review. 

Fig. 4 shows temperature field on section 2 in Fig. 3 have 
the worst impact of recirculation on temperature 
distributions around intake area. In particular, the chiller 
close to the concrete wall was predicted to be put into 
the worst situation, which is where the intake 
temperature of the chiller is predicted to reach 150 °F. 

A CFD analysis with a west wind condition (Additional 
Case 1, or “AC1”) was conducted for the chiller yard of the 
data center. Engineers would like to investigate if this 
wind direction could make a worse temperature 
distribution compared to east wind case (Base Case). 
(Results not shown) 

Fig. 1 Configuration of data center building and chiller 
yard area. 10 MPH east wind is assumed. 

Fig. 2 Speed distributions (a) and vector fields (b) on a 
central and vertical section. a Recirculation of wind at 
the lee side of the building is shown in dotted area. 

Fig. 3 Location of 2D data sections reviewed 

Fig. 4 Temperature distributions on a vertical 2D section 
in the middle section 2 



Project Note 64: Stack Exhaust Spreading around Intake Areas of Buildings 
Features: External flow simulation, stack exhaust re-entering building through intakes 

A CFD analysis was conducted for an investigation on 
exhaust fume spreading around adjacent buildings in a 
university campus. Main concern was that stack exhaust 
may re-enter adjacent buildings through intakes. Fig. 1 
shows aerial view of the area.  The University has a plan 
to renovate a historic building into a lab/office space. It is 
a 4-story building consisting of 14 fume hoods on top of 
the roof (red-circled one in Fig. 1).  Since the building is 
historic and currently has no rooftop equipment, the 
Architects are very concerned putting any equipment and 
up to 10 ft. high exhaust stack. 

In ASHURE Handbook 2015, Laboratory exhaust stacks 
should release effluent to the atmosphere without 
producing undesirable high concentrations at fresh air 
intakes, operable doors and windows, and locations on or 
near the building where access is uncontrolled. A 
minimum stack height of 10 ft. required by ASSE Standard 
Z9.5 and is recommended by Appendix A of NFPA 
standard 45 to protect rooftop maintenance workers. 
However, a taller stack height may be necessary to ensure 
that harmful contaminants are not restrained into nearby 
air intakes. 

Engineers want to confirm with CFD analysis if they can 
lower the stack height and still meet the code intent. 
Reviewing a wind map and the situation, two wind 
condition were chosen for analysis: SE wind with 20 mph 
(results not shown here) and NWW wind with 20 mph. 
Fig.2 shows a wind map overlapped with the local 
geometry (a) and the wind profile used in this analysis (b). 

Fig. 3 shows wind patterns around buildings when 20 mph 
NWW wind blows (a) and exhaust gas particle trajectories 
(convection) under the wind condition (b). The color of 
the trajectories indicates concentration of the trace gas 
used in the study. Fig. 4 shows iso-volume at 10 ppm of 
the trace gas. It indicates a portion of adjacent buildings 
are affected by exhaust fume. The concentrations on 
affected building surfaces are shown in Fig. 5. 

Fig. 1 Aerial view of the area (a), its computational 
model (b), a building with stacks (c) 

Fig. 2 Wind map in this area (a) and wind profile used in 
this study, 20 mph NWW (b) 

Fig. 3 Wind patterns around buildings of NWW 20 mph 
(a) and an exhaust particle trajectories (b)

Fig. 4 Iso-volume of 10 ppm of trace gas 

Fig. 5 Concentrations of trace gas on downstream building 
surfaces 



 

Project Note 65: Underground Parking Garage 
Features:  Stagnant areas, high concentration of car exhaust, transient analysis 
 

 

A CFD analysis was conducted for an underground 
parking garage. This parking garage consists of one open 
entrance at the street level and one exhaust fan installed 
at the lower level shown in Fig. 1. The exhaust fan draws 
street air into the garage space to dilute car’s toxic 
exhaust (mainly carbon monoxide). The main goal of this 
analysis is to find stagnant areas (< 20 FPM) as stagnant 
areas are the ones that are likely to be high car-exhaust 
concentration areas. 
 

Fig. 2 shows air speed distribution with flow trajectories 
(shown as lines). The result indicates that A and B spots 
are stagnant. Air speeds in A and B are lower than 20 FPM. 
If there are cars running in these areas, the car exhaust is 
likely to remain for a long time because not much air can 
bring exhaust back to the return. Iso-surface at 20 FPM is 
shown in Fig. 3 where 3D shape of stagnant areas can be 
seen.  
 

Normally, it is believed that low speed areas are more 
susceptible to concentration buildup. To confirm this 
argument, a transient analysis was performed with the 
scenario that three cars was running for a long time and 
stop running. After car stopped, the rate of exhaust 
dilution due to ventilation air flow was to be observed.  
 

The configuration is shown in Fig. 4 (a) where locations of 
three cars and direction of the car exhaust flow through 
tailpipes are shown. And its steady state result is shown 
in Fig. 4 (b). The A and B in Fig. 4 (b) indicate regions with 
exhaust concentrations above 20 PPM. Now taking this 
exhaust as an initial condition, transient simulation 
started to capture time evolutions of the concentrations. 
The results of the transient simulation are shown in Fig. 
5.  
 

Fig. 5 shows time evolution of concentration regions at 15 
sec., 30 sec., 45 sec., and 80 sec. after cars turned off. As 
time elapses, exhaust in A is easily diluted and carried to 
the returns, and eventually disappears at 45 sec. 
However, exhaust in B remains even at 80 sec. because 
region B is stagnant while region A lies on mainstream of 
ventilation air (see Fig. 2 for an air speed distribution). 
 

There were a couple of thoughts to improve the situation. 
Among them were relocating exhaust fans or splitting a 
fan or installing additional jet fans at the ceiling level. 

Fig. 1 Overall geometry of an underground parking 
garage. It shows a main entrance and an exhaust fan. 
 

 
Fig. 2 Speed distribution and air flow trajectories 
 

 
 

Fig. 3 Iso-Surface at speeds larger than 20 FPM 

 
Fig. 4 Case with three cars running (a) and its steady 
state result showing an iso-surface at 20 PPM (b) 
 
 

 
Fig. 5 Time evolution of car exhaust (a) at 15 sec. (b) 30 
sec. (c) 45 sec. (d) 80 sec. after car engine was turned off 



 

Project Note 66: Data Center 
Features:  Down flow type, hot and cold aisle scheme without underfloor plenum 
 

 

A CFD analysis was conducted for a data center with 
a hot and cold aisle without underfloor plenum 
scheme. The goal of this analysis is to evaluate if the 
proposed cooling system design maintains 
acceptable temperatures under maximum allowable 
limit.  
 

The data center has a total of 16 server racks in two 
rows.  This design uses a hot and cold aisle scheme 
with a downflow scheme. There are 2 cooling units 
(CRAC) installed in ceiling (one unit for redundancy). 
The working unit provides a cooling air through 15 
diffusers attached on ductwork providing cooling air 
in 45 degree downward. Return is installed at the 
back of the CRAC unit. The CFD model geometry, 
simulation conditions used in this analysis are 
illustrated in Fig. 1.  
 

Fig. 2 shows trajectories of cooling air flow from 
diffusers and finally to return. Cooling air enters the 
space at 55 °F in a 45° slope. It shows that after it is 
mixed with room air, its temperature reaches about 
65°F before entering server racks for cooling. When 
air exit servers, the temperatures become about 
90°F and after being mixed with room air, warm air 
reaches the ceiling and finally exits the space at 
return. Fig. 3 shows iso-volume of warm air at 81°F. 
Fig. 4 shows the temperature distribution on a 
vertical section and it shows most cold aisles 
maintain low air temperature (< 70 °F). 
 

Fig. 5 shows that predicted surface temperatures on 
hot aisle sides of racks A and B. It shows that the 
lower portion of racks A and B on hot aisle sides are 
among the hottest spots with predicted 
temperatures reaching close to 90°F (the hottest 
temperature ~92°F). In summary, CFD results 
revealed that predicted temperatures of the rack 
surfaces on hot aisles range from 80 °F to 92 °F under 
proposed cooling system configuration.  

 

Fig. 1 Overall geometry of the data center with 
simulation conditions  
 

 
Fig. 2 Cooling air flow trajectories 
 

 
 

Fig. 3 Iso-volume at 81 °F. It shows warm air 
evolvements in a hot aisle. 

 
Fig. 4 Temperature distributions on a central vertical 
section 
 

 

Fig. 5 Temperature distributions on server surfaces  



 

Project Note 67: Airflow Analysis of Farmer’s Market  
Features:  Open-air market, entrainment of outdoor air, active and passive ventilation 
 

  

A CFD analysis was conducted for a Farmers’ Market 
located in South Asian country (Fig. 1).  The market 
is a partially open-air market and all four sides of the 
market are accessible by vehicles and pedestrians. 
The perimeter of the market is a mixture of 
corridors, shops, and open spaces as seen in Fig.2 
(left). Make-up air is supplied naturally through the 
perimeter openings. The mechanical ventilation 
system consists of twenty-four exhaust fans located 
on the roof of the building. The roof consists of 
several gable type roofs with a typical slope of 20 
degrees (Fig.2 right). 
 

There have been complaints from tenants and 
customers about hotspots and poor air quality inside 
the market. That happens due to poor air circulation 
within the market. It requires renovation of existing 
ventilation system to resolve the issues. Engineers 
chose CFD to evaluate air flow fields and identify 
poor circulation areas by predicting low air speed 
regions.  With this information, engineers could have 
had better idea and renovated the systems 
accordingly to improve air circulation in these areas. 
Additional CFD run could confirm the benefits of the 
modified proposed systems. No wind is assumed for 
this study. 
 

Fig. 3 show the air speed distributions on two vertical 
sections penetrating exhaust fans. The flow 
trajectories and the speed distributions are show in 
Fig 4. Results could reveal how strong and where 
make-up air enters the market. Most make-up air 
enters through the north openings and east truck 
loading areas. Fig 5 (left) shows the iso-volumes at a 
speed of 15 FPM. Fig. 5 (right) is a magnified image 
of the central region and the red-circled areas are 
the targets to improve.  
 

One of the recommendations was to provide 
mechanical ventilation to supplement the existing 
exhaust system in this poor circulation areas (Results 
not shown in this letter).  
 

Fig. 1 Photos of the farmers’ market: entrance area (left) 
and areas inside market (right)  
 

  
Fig. 2 Floor plan of the market and section definition 
(left) and existing ventilation configurations: fans and 
open peripheral (right) 
 

 
Fig. 3 Speed distributions on two vertical sections 
penetrating exhaust fans 

  
Fig. 4 Flow trajectories (left) and speed distributions on 
horizontal section at 2m above the floor 
 

 
 

Fig. 5 Iso-volumes at 15 FPM (left) and detailed speed 
distributions of the area in the central region of the 
market(right) 



 

Project Note 68: Mixing Enhancement with a Baffle in Mixing Chamber of Air Handling Unit 
Features:  Mixing efficiency, baffle installation in mixing chamber 
 

 
 

In an air handling unit (AHU), a mixing chamber is 
designed to mix return air with fresh outdoor air to 
achieve acceptable mixture temperature before entering 
other sections downstream e.g., filter and heating/ 
cooling coils. However, we observed in many situations 
that the return air and outdoor air do not mix well in the 
mixing chamber of AHUs causing thermal stratification. 
In winter, this may cause problems within the AHU 
including system trip or water freezing in the coils. 
 
Fig.1 shows an overall geometry of an AHU on which we 
simulated using CFD a winter scenario where 
temperature of outdoor air and return air were assumed 
-4 °F and 87 °F, respectively. It reveals that some cold air 
below freezing temperature remains after mixing and 
travels to the downstream filters and heating/cooling 
sections. 
 
Engineers proposed installing a baffle in an effort to 
enhance mixing performance in the mixing chamber. 
Two different baffle types were considered: (1) a solid 
baffle and (2) a 50% free area ratio (FRA) baffle. CFD was 
used to predict and compare the performance of these 
modifications. 
 
Fig.3 shows detailed flow fields around the baffle and 
flow fields were compared for all three cases. significant 
differences in flow fields are noticed. Fig. 4 shows an iso-
volume surface at temperature of 32 °F. This result 
clearly shows the effect of baffle on temperature fields. 
The amount of cold air entering filter deck and 
heating/cooling units is significantly reduced with baffle. 
 
To evaluate this improvement, the surface temperature 
distributions on filters as well as cooling/heating devices 
were captured in fig. 5. It clearly demonstrates the effect 
of baffle installation and no freezing temperature were 
predicted on the surface of heating/cooling devices with 
a solid baffle.  
 
In conclusion, our simulation across all three scenarios 
(no baffle, 50% FRA baffle, solid baffle) predicted the 
solid baffle installation to perform better than no baffle 
and the 50% FRA baffle installation in mixing efficiency. 

Fig. 1 Overall geometry of an air handling unit 
 
 

 
 

Fig. 2 Air flow trajectories within the AHU 
 

 
 

Fig. 3 Air flow trajectories around the baffle  
 

 
 

Fig. 4 Iso-Surface of a temperature at 32 °F 
 

 
 
Fig. 5 Surface temperature distributions on filters and 
cooling and heating devices 



 

Project Note 69: CFD Analysis of Condenser Unit Area in Enclosed Parking Garage (Part I) 
Features:  Exhaust recirculation of condensers installed within an enclosed parking garage 
 

  

Engineers had concerns about potential exhaust 
recirculation formation (i.e., condenser exhaust flowing 
back into condenser intakes) in condensers that will be 
installed in an enclosed parking garage. The parking 
garage is a two-level space which is situated in the 
central portion of the building. The garage is enclosed by 
surrounding walls except the ramp area. Engineers plan 
to install 5 condensers in the north left corner of the 
second level. Fig.1 shows area of interest around 
condensers.  
 
To investigate the recirculation issue, engineers decided 
to employ CFD simulation technique to evaluate air 
flows in the area around condensers. A portion of 
parking garage space which is near the condensers was 
taken as a computational domain for analysis as shown 
in Fig.1. The internal garage air temperature was 
assumed 95°F.  
 
Two flow trajectories are shown in Fig.2: one for flow 
trajectories of exhaust (left) and the other for 
trajectories of air flows to condenser intakes (right). The 
CFD results predicted that there is a recirculation 
formation, which results in high exhaust temperature on 
condenser exhaust faces.  Maximum exhaust 
temperature predicted reaches 118°F due to the 
recirculation. Temperature distribution and vector field 
on a vertical section crossing the center of condenser 4 
are shown in Fig. 3. These data confirm recirculation 
over the top of the condensers. 
 
Fig. 4 represents temperature distributions on exhaust 
of each condenser. This data predicted higher 
temperatures on condensers in the middle compared to 
the two end units, which indicates more recirculation on 
the condensers in the middle. Fig. 5 represents exhaust 
mass fraction distributions on condenser intake faces. 
“1” implies 100% of exhaust air while “0” implies “purely 
internal garage air. Any number in between is a mixture 
of exhaust and internal garage air. The data confirms 
that middle units will experience more recirculation. 
 

To preventing recirculation, engineers come up with two 
different ideas: one is to add transfer duct close to the 
exhaust faces, the other is to add blocking panel 
covering the gap between condensers and ceiling. The 
performances of these two modifications will be 
demonstrated in the Project Note 70. 

Fig. 1 Overall geometry around condenser unit area; 
drawing (left) and CFD modeling geometry (right) 
 

 
Fig. 2 Flow trajectories; exhaust trajectories (left) and 
condenser intakes air flow trajectories (right) 
 

 
 

Fig. 3 Temperature distribution (up) and vector field 
(down) on a vertical section crossing condenser 4 

 
Fig. 4 Temperature distributions on condenser exhaust 
faces  
 

 
Fig. 5 Exhaust mass fraction distributions on condenser 
intake faces 



 

Project Note 70: CFD Analysis of Condenser Unit Area in Enclosed Parking Garage (Part 2) 
Features:  Adding modifications to reduce recirculation 
 

 

The base case (BC) analysis described previously in the 
Project Note 69 revealed that there will be some degree 
of exhaust recirculation under the originally proposed 
configurations, causing undesirable high temperatures 
on intakes that may result in condenser performance 
deterioration.  
 

To reduce exhaust recirculation, engineers came up with 
two types of modifications and wanted to simulate them 
to evaluate the effect of each modification on reduction 
in recirculation formation; one modification was with an 
introduction of transfer ducts (AC1 as shown in Fig. 1) 
and the other with an introduction of blocking panel 
(AC2 as shown in Fig. 2).  
 
Condenser exhaust trajectories of all three cases are 
shown in Fig. 3.  The comparison between exhaust 
trajectories of all cases reveals that the recirculation 
predicted in the BC is reduced significantly both in AC1 
and AC2. The transfer ducts in AC1 will be effective in 
reducing recirculation by forcing most hot exhaust 
downflow through transfer ducts, however, some 
exhaust is still able to return to condenser intakes. 
Exhaust mass fraction on transfer duct entrance shown 
in Fig. 4. confirms that not all exhaust is captured by 
transfer duct.  
 

Vector fields in a vertical section and temperature 
distributions on the exhaust faces are shown in Fig. 5.  
Temperatures on the upper regions of the condenser 
exhaust faces are reduced significantly in AC1 and AC2 
compared to ones in BC, which can confirm that there is 
less recirculation formation in AC1 and AC2.  
 
The panel in AC2 blocks the upper half of the gaps 
between condensers and the condenser-ceiling areas 
(Fig. 2). In AC2, side recirculation through the bottom 
half of the gaps between condensers is observed which 
results in higher temperature in the sides of the exhaust 
faces unlike BC and AC1.   
 
In summary, either the introduction of transfer ducts 
(AC1) or the introduction of blocking panels (AC2) 
performs better than BC in reducing recirculation 
significantly and will prevent undesirable temperature 
hikes on the condenser exhaust faces. 

Fig. 1 AC1: Introduction of transfer ducts; (a) drawing (b) 
CFD modeling geometry and mesh 
 

 
Fig. 2 AC2: Introduction of blocking panel; (a) rendering  
(b) CFD modeling geometry and mesh 
 
 

 
 

Fig. 3 Condenser exhaust trajectories of all cases; BC, 
AC1 and AC2 
 

 
Fig. 4 Exhaust mass fraction at the transfer duct 
entrances 
 

 

  

Fig. 5 Vector fields on vertical section (left) and 
temperature distributions on the exhaust faces of 
condensers (right) (a) BC (b) AC1 (c) AC2 
 



 

Project Note 71: HVAC Performance Evaluation of Aviation and Space Museum  
Features:  Supply air throw and drop, strict temperature requirements, solar irradiation  
 

 

A CFD analysis was performed to evaluate the performance 
of a proposed HVAC system for a museum, which will house 
space shuttles and other aerospace vehicles. HVAC system 
performance standards were strict as the temperature 
inside the museum should be maintained at 70+/- 2°F.  
 
The size of the museum was approximately 360 feet x 298 
feet x 110 feet. Because of symmetrical condition, only half 
of the museum was chosen for analysis. Fig.1 shows the 
overall structure of the selected half of the museum. There 
are a total of 50 diffusers installed in the duct, each 
providing 2,400 CFM, 59.6 °F of fresh air. Heat sources 
considered in this analysis were people, solar heat gain 
through the south window wall, and overhead lightings.  
 
Fig. 2 shows the temperature distribution of a horizontal 
section at 5 feet above the floor (human chest level). The 
highest predicted temperature was 72°F and was predicted 
to occur in the area close to the south glass wall. It is caused 
by solar radiation through the south window wall. However, 
except for the entrance area where relatively low 
temperatures have been observed, most museum areas 
show that the temperature is within acceptable range at 5 
feet level from the floor. 
 
Fig.3 shows the temperature distribution in a vertical 
section passing through one of diffuser installed near the 
entrance. The flow patterns of the make-up air, i.e., throws 
and drops, were clearly seen with this result. Due to the 
buoyancy caused by the low temperature of the make-up 
air, make-up air flows downwards, hits the floor and travels 
to the center of the museum to cool down this part. It is 
also noticed that temperatures rise vertically and gradually. 
Fig.4 shows temperature distribution at 35 feet above floor 
where temperature becomes uniform horizontally around 
70°F. 
 
With Figs. 3 and 4, it is noticed well that temperature field 
in the museum has more characteristic of thermal 
displacement mode than of mixing mode. The large internal 
volume and high ceiling of the museum are among the 
reasons. After reviewing all the CFD results, overall 
performance of the proposed HAVC system was considered 
acceptable.   

Fig. 1 Overall structure of the museum (half)  
 

 
Fig. 2 Temperature distribution of a horizontal 
section at 5 feet above the floor 
 

 
Fig. 3 Temperature distribution of a vertical 
section in the center of the museum 

 
Fig. 4 Temperature distribution of a horizontal 
section at 35 feet above the floor 
 



 

Project Note 72: Performance Evaluation of Shelter Design, Part1 
Features:  Test under extreme outdoor temperature, optimization of insulation R-value  
 

 

Conjugate CFD analysis of a shelter was performed. The 
goal of the CFD analysis was to predict temperature inside 
the shelter when the shelter uses insulation of proposed 
R-value while experiencing extreme temperatures 
outdoor. 
 
The design requirements for the shelter are to keep the 
temperature inside the shelter at or below 80°F even 
when outside temperature reaches 125°F (daytime 
condition), and at or above 55°F in the extreme cold 
temperature of -25°F. Model geometry is presented in 
Fig.1. R-values used in the sidewall and ceiling are 
different and were given by the Client. The cooling and 
heating air enters the shelter from injection holes in air 
sock (i.e., air plenum). Fig.2 demonstrates the flow pattern 
and temperature distributions under winter operation. 
 
Summer Case (125°F outdoor): 
 
It is predicted that temperatures inside the shelter are 
kept below 80°F in most areas. The temperature range is 
66°F in low zone, 70°F in the middle zone and 72-74°F in 
the upper zone, as shown in Fig. 3. Since the incoming air 
is cooler than the surrounding air, the incoming air 
entering vertically from central holes can reach floor by 
buoyancy, effectively mixing incoming air with surrounding 
air and cooling the lower region of the shelter.  
 
Winter Case (-25°F outdoor): 
 
Figs.4 presents results of winter case. It predicts that in 
the lower region below about 3.2’ above the floor, 
temperature gets below 55°F while the region above 3.2’, 
temperature gets higher 55°F. The temperature field is 
more stratified than summer case.  
 
Fig. 5 shows the locations of the temperature measuring 
sensor (3 locations) and each location have 3 elevation 
mearing points. The predicted temperatures are shown in 
the table. In summary, at specified R-values and cooling 
and heating configuration, the proposed shelter design 
provides acceptable performance in extreme hot outdoor 
but borderline in extreme cold outdoor. The winter 
performance may be further improved with employing 
higher R-value (more insulation) or increasing CFM of 
entering air or raising entering air temperature.  

Fig. 1 Shelter structure and heating and cooling 
systems inside the shelter 
 

 
Fig. 2 Flow trajectories under winter operation 
 

 
Fig. 3 Temperature distributions on sections in 
longitudinal direction: summer extreme weather 
 

 
Fig. 4 Temperature distributions on sections in 
longitudinal direction: winter extreme weather  

 

Fig. 5 Temperature distributions on sections in 
longitudinal direction: winter extreme weather 
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J O U R N A L  A R T I C L E S  B Y  F L U E N T  S O F T W A R E  U S E R S

Computer simulation helped ensure low carbon
monoxide levels in a new parking structure by
making it possible to evaluate the performance of
different ventilation system designs without the
expense of actually building and testing them. The
main concern in the design was ensuring that carbon
monoxide would remain below specified levels even
when 125 cars were waiting to exit the garage with
their engines running for a long period of time.
Engineers evaluated the performance of the
ventilation system diffuser with an easy-to-use
computational fluid dynamics (CFD) tool that lets the
user accurately model airflow, heat transfer,
contaminant transport and thermal comfort for
internal as well as external building flows. Five
different diffuser configurations were evaluated
while the total capacity of the ventilation system was
maintained at a constant level. Engineers used the
simulation to select the most efficient diffuser
configuration, making it possible to build a cost-
effective ventilation system that met all performance
requirements without any modifications.

Dunham Associates, Inc. designs mechanical,
electrical and structural systems for buildings
throughout the world. The company specializes in
major market / practice areas that include aviation,
commercial / industrial, education, health care,
hospitality, and retail. In addition to providing core
engineering services, the company has developed
teams of specialists in lighting design, fire protection,

building code consulting, security, and indoor air
quality (IAQ). Dunham's current focus in the area of
IAQ has been on designing upgrades within
buildings that increase the use of outdoor air and
taking innovative approaches to solving control and
humidity problems. The company uses desiccant
cooling and thermal displacement ventilation to meet
today's code requirements while keeping energy costs
and equipment sizing under control. It also
recognizes that acoustics, lighting and thermal
comfort also play a role in occupant comfort.

Carbon monoxide concerns

The operation of automobiles indoors presents many
concerns such, as the emission of carbon monoxide,
nitrous oxides, and oil and gasoline fumes. However,
it is generally accepted that the ventilation required
to dilute carbon monoxide to acceptable levels can
control the other contaminants satisfactorily. A
secondary concern is maintaining sufficient draft on
each underground floor to avoid mold growth. The
traditional approach to designing the ventilation
system would be to use hand calculations, whose
accuracy is reduced by several factors.  First, these
calculations don't take the geometry of the structure
into account. Second, they determine only average
carbon monoxide content but not the spatial
distribution or gradients in the distribution, which
can have an important impact. The result is that
engineers are unable to be certain about the 

By Heejin Park
Senior Technical Specialist
Dunham Associates
Minneapolis, Minnesota
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performance of the design until the ventilation system
is installed and tested. The possibility exists that
expensive changes will have to be made after testing
is performed.

In recent years, Dunham engineers have begun using
CFD to analyze ventilation system designs and
predict indoor air quality in advance. CFD is a tool
for analyzing fluid flow and transport phenomena.
CFD uses computers to solve the fundamental
nonlinear differential equations that describe fluid
flow (the Navier-Stokes and allied equations), for
predefined geometries and a set of initial boundary
conditions, process flow physics, and chemistry. The
result is a wealth of predictions for flow velocity,
temperature, density, and chemical concentrations for
any region where flow occurs. CFD is a very potent,
nonintrusive, virtual modeling technique with
powerful visualization capabilities.

A CFD tool designed for ventilation
problems

Dunham engineers selected Airpak, a CFD software
package from Fluent Incorporated, Lebanon, New
Hampshire, that is specially designed to simplify the
process of modeling ventilation systems. Airpak is an
accurate, quick, and easy-to-use design tool which
simplifies the application of state-of-the-art CFD
technology to the design and analysis of ventilation
systems which are required to deliver indoor air
quality (IAQ), thermal comfort, health and safety, air
conditioning, and contamination control solutions.
The software is also useful for understanding external
flows around buildings.  The ability to rapidly create
and automatically mesh ventilation system problems
(using real rather than compromised geometries) is
coupled with a fast, accurate, and well-proven
unstructured solver engine. Simulation time is 

Figure 1: Overall geometry 
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reduced through the use of object-based model
building with predefined objects, including rooms,
people, blocks, fans, partitions, vents, openings,
walls, sources, resistances, ducts, and hoods.

The underground parking structure for which the
ventilation system was designed is fully enclosed
and has seven levels. Its total size is 614 feet by 224
feet by 98 feet. Four sides of the structure are
surrounded by the ground and the top is covered by a
residential facility. The seven levels are labeled from
A - the highest - to G - the lowest - and each has a
different floor plan. Level A is on the ground level.
There is also an excavation area along the parking
levels that creates a vertical flow channel. There are
three entrance and exit areas in this structure, on
levels A, C and D. The 125 cars were simulated in
seven groups. Each car is assumed to generate 4.27
grams of carbon monoxide per minute, based on

Environmental
Protection Agency
estimates, as well as 5
kW of heat. The
primary purpose of the
analysis is to
determine the carbon
monoxide levels at all
points within the
structure. The EPA
specifies a maximum
allowable level of 35
ppm for one hour
while the American
Conference of
Governmental
Industrial Hygienists
specifies a maximum
of 25 ppm for 8 hours.
The American Society
of Heating,
Refrigeration, and Air
Conditioning
Engineers standards,
which combine both
of these requirements,
were used as the
design specifications
for this analysis.

Selecting the design alternatives

Another criteria for the design was to minimize the
areas with air velocity above 200 fpm in order to
avoid draft discomfort and to reduce the area below
20 fpm to avoid possible contamination buildup. At
this moment, there is no clear understanding of the
relation between the speed of the air and the
microbial growth. But it has been widely accepted
that low velocities provide a more comfortable
environment for microbial buildup. For this reason,
special efforts were made tso avoid stagnant air in the
excavation area. Five different diffuser configurations
were evaluated in the analysis. Each of these cases
maintains the same total supplied air volume and the
same exhaust system. Only the locations and size of
diffusers were modified in each case. Case 1 has two
columns of diffusers on the north and south side.
Case 2 has split diffusers (each diffuser split into two

Figure 3:
Chart
showing
breakdow
n of
vehicles in
Figure 2. 

Figure 2: Car Group Modeling - 125 Cars Emitting Heat and CO.
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smaller ones) on both the north and south sides. Case
3 has a split diffuser oriented in the 6:00 and 7:30
directions on the north side. Case 4 also has split
diffusers that are oriented in the 4:00, 6:00 and 10:30
directions. The idea in Case 4 is to reduce the high
draft area by directing the flow into an excavation
area. Case 5 maintains the split configuration but
diffusers are laid side by side and flow directions are
10:30 and 7:30.

Case Description
1 Two columns of diffusers on N and S sides
2 Split diffusers on N and S sides
3 Split diffusers oriented at 6:00 and 7:30 on N

side
4 Split diffusers oriented at 4:00, 6:00 and 

10:30 on N side, flow directed into an 
excavation area

5 Split diffusers side-by-side at 7:30 and 10:30

Engineers modeled the five designs by creating an
unstructured hybrid grid system that includes
hexahedral, prism, and tetrahedral elements. The total
number of cells was about 770,000. The standard k-
epsilon turbulence model with standard wall
functions was used. The ideal gas equation was used
to calculate density. The model converged after more
than 2000 iterations in about 50 hours with an 800
MHz Pentium III personal computer.  Pressure
boundary conditions were used for three openings on
the A, C and D levels. Outdoor air conditions were
assumed to be windless, with a temperature of 55ºF
and at a carbon monoxide level of zero. 

The results of the simulation included colored
contour plots of the carbon monoxide concentration
in each area of the facility. On floor F, which was
assumed to have no operating cars, cases 1, 3 and 5
showed more areas with carbon monoxide

Figure 4: CFD image showing one
case of D Floor (36 ft. above G Floor)
CO distribution
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concentration in the 20 to 30 ppm range while cases
2 and 4 were within acceptable levels. In the analysis
results for the D floor, which does have operating
cars, cases 1, 2 and 5 showed larger areas with a high
carbon monoxide concentration than cases 3 and 4.
The contamination level in the east side of the
structure seemed to be effectively diluted by the flow
direction of the split diffusers in cases 3 and 4. On
the B level, case 1 yielded more carbon monoxide
concentration above the floor while cases 4 and 5 
yielded lower carbon monoxide levels near the floor. 

Looking at the air velocity on the different levels, it
was noted that none of the cases exhibited draft
problems except for Case 1 on the E level and Case 3
on the B level. Cases 1, 2 and 5 exhibited a stagnant
flow region around the elevator lobby. 

After a thorough comparison of all of these results,
engineers selected Case 4 as the best design in terms
of carbon monoxide distribution and airflow. The
ventilation system was built to this design and testing
showed that it met all the design requirements
without any modifications.

Figure 5: CFD image showing one case of E Floor (24 ft. above G Floor) CO distribution.
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Computer" simulation ensures 
low carbon monoxide 
levels in parking structure 
By Hee-Jin Park Ph D, PE, Senior Technical Specialist, Dunham Associates 
Minneapolis, USA 

n this article I have set out to explain how computer simulation technology 
helped ensure low carbon monoxide levels in a new parking structure by 
making it possible to evaluate the performance of different ventilation 

system designs without the expense of actually building and testing them. 

About the author 

Hee-Jin Park has been working as a 

manager in the Computational Fluid 

Dynamics(CFD)/R&D division at 
Healthy Building International (HBI), 

Fairfax VA, USA since April 2002 

where he applies CFD in various 

HVAC systems and researches 

advanced ventilation systems like 

thermal displacement ventilation. 

Prior to this position, he had been 

with Dunham AssOCiates, Inc. as a 

senior technical speCialist for 4 

years. He holds a Bachelor'S degree 

from Seoul National University and a 
Master's degree from Korean 

Advanced Institute of Science and 

Technology (KA/ST) and a PhD from 

University of Michigan, Ann Arbor, MI 

USA in Mechanical Engineering. He 

is a registered professional engineer 

in Minnesota. 

The main concern in the design was ensuring 
that carbon monoxide would remain below 

specified levels even when 125 cars were waiting 

to exit the car park with their engines running for 

a long period of time. Engineers evaluated the 

performance of the ventilation system diffuser 

with an easy-to-use computational fluid dynamics 
(CFD) tool that lets the user accurately model 

airflow, heat transfer, contaminant transport and 

thermal comfort for internal as well as external 

building flows. Five different diffuser 

configurations were evaluated while the total 
capacity of the ventilation system was maintained 

at a constant level. Engineers used the 

simulation to select the most efficient diffuser 
configuration, making it possible to build a cost

effective ventilation system that met all 

performance requirements without any 

modifications. 

Carbon monoxide concerns 

The operation of automobiles indoors presents 

many concerns, such as the emission of carbon 
monoxide, nitrous oxides, and oil and gasoline 

fumes. However, it is generally accepted that the 

ventilation required to dilute carbon monoxide to 

acceptable levels can control the other 

contaminants satisfactorily. A secondary concern 
is maintaining sufficient draft on each 

underground floor to avoid mould growth. The 

traditional approach to designing the ventilation 
system would be to use hand calculations, whose 
accuracy is reduced by several factors. First, 

these calculations don't take the geometry of the 

structure into account. Second, they determine 
only average carbon monoxide content but not 

the spatial distribution or gradients in the 

distribution, which can have an important impact. 

The result is that engineers are unable to be 

certain about the performance of the design until 

the ventilation system is installed and tested. 

The possibility exists that expensive changes will 
have to be made after testing is performed. 

In recent years, Dunham engineers have begun 

using CFD to analyse ventilation system designs 
and predict indoor air quality in advance. CFD is 

a tool for analysing fluid flow and transport 
phenomena. The process uses computers to 

solve the fundamental nonlinear differential 
equations that describe fluid flow (the Navier

Stokes and allied equations), for pre-defined 
geometries and a set of initial boundary 
conditions, process flow physiCS, and chemistry. 
The result is a wealth of predictions for flow 

velocity, temperature, density, and chemical 
concentrations for any region where flow occurs. 

CFD is a very potent, non-intrusive, virtual 
modelling technique with powerful visualisation 

capabilities. 

A CFD tool designed for ventilation 
problems 

Dunham engineers selected Airpak, a CFD 
software package from Fluent Incorporated, 
Lebanon, New Hampshire, that is specially 
designed to simplify the process of modelling 
ventilation systems. Airpak is an accurate, qui, 
and easy-to-use design tool which simplifies U-'e 
application of state-of-the-art CFD technology t: 
the design and analysis of ventilation systems 
which are required to deliver indoor air quality 
(IAQ), thermal comfort, health and safety, air 
conditioning, and contamination control 
solutions. The software is also useful for 
understanding external flows around buildings. 
The ability to rapidly create and automaticall~ 

mesh ventilation system problems (using rea 
rather than compromised geometries) is couj: <?: 
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Above: CFD image showing one case of D Floor CO distribution 

with a fast, accurate, and well-proven 

unstructured solver engine. Simulation time 

is reduced through the use of object-based 
model building with pre-defined objects, 

including rooms, peqple, blocks, fans, 

partitions, vents, openings, walls, sources, 

resistances, ducts, and hoods. 

The underground p'arking structure for which 

the ventilation system was designed is fully 

enclosed and has seven leve ls . Its total size 

is 614 feet by 224 feet by 98 feet. The 

ground surrounds four sides of the structure 

and the top is covered by a residential 
facility. The seven levels are labelled from A 

- the highest - to G - the lowest - and each 

has a different floor plan. Level A is on the 

ground level. There is also an excavation 

area along the parking levels that creates a 
vertical flo';\1 channel. There are three 

entrance and exit areas in this structure, on 

levels A, C and D. The 125 cars were 
simulated in seven groups. Each car is 

assumed to generate 4.27 grams of carbon 

monoxide per minute, based on 

Environmental Protection Agency estimates, 

as well as 5 kW of heat. The primary 

purpose of the analysis is to determine the 

carbon monoxide levels at all pOints within 
the structure. The EPA specifies a maximum 

allowable level of 35 ppm for one hour while 
the American Conference of Govemmental 

Industrial Hygienists specifies a maximum of 

25 ppm for 8 hours. The American Society 

of Heating, Refrigeration, and Air 

Conditioning Engineers standards, which 

combine both of these requirements, were 
used as the design specifications for this 

analysis. 

Selecting the design alternatives 

Another criteria for the design was to 
minimise the areas with air velocity above 
200 fpm in order to avoid draft discomfort 
and to reduce the area below 20 fpm to 
avoid possible contamination buildup. At 
this moment, there is no clear understanding 
of the relation between the speed of the air 
and the microbial growth. But it has been 
widely accepted that low velocities provide a 
more comfortable environment for microbial 
buildup. For this reason, special efforts were 
made to avoid stagnant air in the excavation 
area. Five different diffuser configurations 
were evaluated in the analysis. Each of 
these cases maintains the same total 
supplied air volume and the same exhaust 
system. Only the locations and size of 
diffusers were modified in each case. Case 
1 has two columns of diffusers on the north 
and south side. Case 2 has split diffusers 
(each diffuser split into two smaller ones) on 
both the north and south sides. Case 3 has 
a split diffuser oriented in the 6:00 and 7:30 
directions on the north side. Case 4 also 
has split diffusers that are oriented in the 
4:00, 6:00 and 10:30 directions. The idea 
in Case 4 is to reduce the high draft area by 
directing the flow into an excavation area. 
Case 5 maintains the split configuration but 
diffusers are laid side by side and flow 
directions are 10:30 and 7:30. 

Engineers modelled the five designs by 
creating an unstructured hybrid grid system 
that includes hexahedral, prism, and 
tetrahedral elements. The total number of 
cells was about 770,000. The standard k
epsilon turbulence model with standard wall 
functions was used. The ideal gas equation 

was used to calculate density. The model 
converged after more than 2000 iterations in 

about 50 hours with an 800 MHz Pentium III 
personal computer. Pressure boundary . 
conditions were used for three openings on 
the A, C and D levels. Outdoor air conditions 

were assumed to be wind-less, with a 
temperature of 55°F and at a carbon 
monoxide level of zero . 

The results of the simulation included coloured 
contour plots of the carbon monoxide 
concentration in each area of the facility. On 

floor F, which was assumed to have no 

operating cars, cases 1, 3 and 5 showed more 
areas with carbon monoxide concentration in 
the 20 to 30 ppm range while cases 2 and 4 
were within acceptable levels. In the analysis 
results for the D floor, which does have 
operating cars, cases 1, 2 and 5 showed 
larger areas with a high carbon monoxide 
concentration than cases 3 and 4. The 
contamination level in the east side of the 
structure seemed to be effectively diluted by 
the flow direction of the split diffusers in cases 
3 and 4. On the B level, case 1 yielded more 
carbon monoxide concentration above the floor 

while cases 4 and 5 yielded lower carbon 0 

Case Case 1 
Two columns ofDescription diffusers on North and 
South sides 

Case 2 Case 3 
Split diffusers on Split diffusers 
North and South oriented at 6:00 and 
sides 7:30 on North side 

Case 4 
Split diffusers Split diffusers .side-by
oriented at 4:00, 6:00 side at 7:30 and 
and 10:30 on North 10:30. 
side, flow directed 
into' an excavation 
area 

Case 5 
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Above: CFD image showing one case of E Floor CO distribution 

o monoxide levels near the floor. Looking at the 

air velocity on the different levels, it was noted 
that none of the cases exhibited draft 

problems except for Case 1 on the E level and 

Case 3 on the B level. Cases 1, 2 and 5 
exhibited a stagnant flow region around the 

elevator lobby. 

After a thorough comparison of all of these 

results , engineers selected Case 4 as the best 

design in terms of carbon monoxide 
distribution and airflow. The ventilation system 

was built to this design and testing showed 
that it met all the design requirements without 

any modifications. 

About Dunham Associates Inc. 

Dunham Associates, Inc. designs mechanical, 

electrical and structural systems for buildings 

throughout the world. The company 

specialises in major market / practice areas 

that include aviation , commercial/industrial, 

education, health care, hospitality, and retail. 

In addition to providing core-engineering 

services, the company has developed teams of 

specialists in lighting design , fire protection, 

building code consulting, security, and indoor 

Parking plans challenged in space reduction at new development 

Chaos predicted by ABD for 
Wolverhampton supermarket 
Wolverhampton Council are facing a 

challenge from the Association of British 

Drivers (ABD) over plans to cut parking 

spaces at a new retail development. 

The West Midlands branch of the ABD will 

be challenging Wolverhampton Council's 

plan to cut parking spaces and is accusing 

councils across the UK of allegedly imposing 

space restrictions upon developers as part 

of a national strategy to force drivers onto 

public transport. 

In the case of Wolverhampton the ABD is 

also demanding a pedestrian bridge be 

constructed over the busy Wolverhampton 

ring road in place ofthe proposed traffic 

lights which will cause further congestion for 

motorists and danger to pedestrians . The 

ABD, who submitted evidence to a public 
inquiry which began on 14th May, have 
made it clear that they are not opposed to 
the proposed scheme as a whole but fear 
that inadequate parking pmvision, plus the 
extra traffic generated , will worsen 

congestion on the already overloaded 
Wolverhampton Ring Road. 

ABD Chairman Brian Gregory commented; 
"The number of parking spaces proposed is 
far too low for a development of this size. It 
is obvious that Wolverhampton City Council 

has followed central Government strategy 
and forced the developer to comply with its 

anti-car policies, which have seen a 
reduction in car parking spaces in the city in 
recent years and reallocation of road space 
to public transport. " 

air quality (IAQ). Dunham's current .0.:....::;. 

the area of IAQ has been on designing 
upgrades within buildings that increa5C :-~ ~ 
of outdoor air and taking innovative 
approaches to solving control and hu mic -:: 
problems. The company uses desiccant 
cooling and thermal displacement ven" la:, : -

to meet today's code requirements while 
keeping energy costs and equipment sizirg 
under control. It also recognises that 
acoustics, lighting and thermal comfort aL~( 
playa role in occupant comfort. am 
To contact Fluent Inc. 

If anyone is interested in finding out more abc~~ 

the Airpak products used in this particular stua. 
you can contact the corporation via the folJm\~r&: 

address: 

Fluent Europe, Sheffield Airport Business Park. 
Europa Link, Sheffield, S9 1XU, UNITED 
KINGDOM. Tel: +44 (0)114-2818888, Fax: 
+44 (0)114-2818818 Internet: 

www.fluent.com 

On-line booking service 

Airport's 
ticketless 
parking solution 
up and running 
Stansted airport's internet based parking 
solution has been heralded as 'Site of the 
Week' in the well-known new media 

publication 'New Media Age '. 

The site was described by the magazine as 

'slick and straightforward' and a wonderful 
example of howe-commerce can be basic 
and offer Simple applications. Users of the 
site simply reserve and pay for their parking 
places on-line before entering their credit 
card details on entry to the car park to 

complete the transaction. 

Stansted based owners Meteor Parking 
launched the site in March of 2001 and 
have seen the figures of those who pre
book online rise to ten percent of their 

online visitors. 

To find out more about Meteor Parking' 
service visit: www.eparking.uk.com 

, - .a. r.... "'_ .... r--.. ..... _ "', ~ 

[] - .•. ~~-. -, .........  ...-,~. 

Meteor's on-line parking payment and 
reservation service web-page 

e 
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DESCRIPTION  
 
Natural ventilation uses the natural forces of wind and buoyancy to deliver 
fresh outdoor air into buildings for ventilation and thermal comfort within a 
space.  With an increased awareness of the cost and environmental 
impacts of energy use, natural ventilation has become an increasingly 
attractive method for reducing energy costs and environmental impact, and 
for providing acceptable or even superior indoor air quality (IAQ) in order to 
maintain a healthy, comfortable and productive indoor climate.  
 
DRIVING FORCES 
 
Natural ventilation systems rely on naturally occurring pressure differences 
to supply fresh air through an indoor space.  Pressure differences can be 
caused by wind or the buoyancy effect created by temperature differences.   
 
Wind:  When wind hits a side of a building (the windward side), air is 
brought to a rest, creating a positive static pressure while a negative 
pressure on the opposite side of the building (the leeward side). This 
pressure difference between inside and outside of the building allows air to 
enter openings on the windward side and to exit through openings on the 
leeward side, creating an air movement within the building. 
 
Buoyancy:  Buoyancy results from difference in air density, where warm 
air is less dense than cool air. Indoor/outdoor temperature difference 
causes density difference and therefore pressure difference that creates 
exchange between indoor and outdoor air.  
 
 
IMPLEMENTATION STRATEGIES 

 
Cross Ventilation:  Pressure difference caused 
by wind is utilized in cross ventilation. Outdoor 
air enters through openings at high pressure and 
flows across the space and exits through 
openings at low pressure. To take advantage of 
this ventilation scheme, it is best to have 
openings on opposite sides (the windward and 
leeward sides, for example). The effectiveness 
of this strategy is a function of building location 
and orientation, outdoor air conditions, opening 
size, shape and orientation.  
 
Stack Ventilation:  Pressure difference caused 
by temperature difference between indoor and 
outdoor is utilized in stack ventilation. In winter, 
cold outdoor air comes in and is heated. The 
heated air rises and flows out from openings on 
the upper portion of a building. In summer, hot 
outdoor air flows in and is cooled down, creating 

June 2009 
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a downward flow to the lower portion 
of the building. 

Fan-assisted natural ventilation 

Solar chimney 

Hybrid ventilation 

A greater temperature difference yields a larger pressure difference 
between inside and outside of a building. In order to take advantage of this 
scheme, it is best to have large vertical distance between inlet/outlet 
openings because the greater vertical distances, the greater pressure 
difference.  

Some of the factors affecting the effectiveness of stack ventilation are 
building height, and indoor/outdoor temperature difference, size and 
location of the openings. Because it does not rely on wind direction, there 
is a greater control on locating the air intake.  However, stack ventilation is 
limited to a lower magnitude than wind-driven, cross ventilation. 

ENHANCEMENT STRATEGIES 

In many cases, natural ventilation cannot alone provide the required airflow 
rate due to lack of wind and/or temperature difference. When natural 
ventilation cannot be ensured by wind and buoyancy, the following 
strategies can be considered to enhance natural ventilation: 

Fan-assisted:  Fans may be installed to ensure the necessary
ventilation flow rate.  Such fans may be installed either on stack
ducts or in walls or windows.

Solar-assisted:  Solar chimneys are a method of enhancing stack
ventilation. Solar energy is used to heat the air to increase
inlet/outlet temperature difference, causing an increase in airflow
within the building.

Hybrid/mixed-mode: Hybrid ventilation takes advantage of natural
ventilation when it is available and supplements it as necessary
with mechanical ventilation. The main benefit of some
augmentation by mechanical systems is that there is less
unpredictability with indoor environment conditions, though it will
result in greater energy use.

SUITABILITY 

Most suited to: 
Buildings with a narrow plan or atria
Sites with minimal external air and noise pollution
Open plan layouts—high degree of permeability within the building
Temperate climate with low average humidity levels

Not suited to: 
Buildings with a deep floor plan
Buildings that require precise temperature and humidity control
Buildings with individual offices or small spaces
Buildings with consistent heat loads above 110-125 btuh/s.f.
Locations with poor air quality (If filtration is required, mechanical
ventilation is necessary)

Problems associated with building openings are: 
Security
Conflicts with fire or safety regulations
Insects, odors, dust and air pollution
Fluctuation of internal temperature
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Typical wind patterns in Hawaii 

University of Hawaii 
Recreational Center 

GENERAL DESIGN GUIDELINES 

Some of the important considerations for natural ventilation design involve: 

Location, orientation and layout of building
IAQ requirements, ventilation cooling requirements
Sizes and location of building openings
Strategic cooling load reductions- shading, heat-rejecting glazing,
thermal mass to dampen temperature swings

Design Considerations with Cross Ventilation: 

Cross ventilation cooling is only viable when the outdoor
temperature is at least 3°F lower than the indoor temperature.
To maximize the effectiveness of openings, locate openings
perpendicular to prevailing wind.
Will work well if the width of the room is up to 5 times the ceiling
height

Design Considerations with Stack Ventilation 

Locate outlet high above inlet to maximize stack effect. The vertical
distance between inlet and outlet should take advantage of stack
effect.
The outlet must be placed on the leeward side to take advantage
of negative wind pressure to draw air out.
Consider the use of vented skylights.  A vented skylight provides
an opening for heated air to escape in stack ventilation.  A well-
designed skylight could also act as a solar chimney to enhance
airflow.

Design Recommendations for University of Hawaii 

The University of Hawaii at Manoa Recreation Center is a good candidate 
for natural ventilation due to mild climate of Hawaii, open space and no 
strict temperature and humidity requirements for the space: 

To maximize cross ventilation, openings ideally would be located
to take advantage of the NE wind.  Provide inlet openings on the
north and the east walls and outlet openings on the south wall.
Outlet openings should be high above inlet openings to maximize
stack effect.

Consider the use of vented skylights.  A vented skylight will provide
an opening for warm, stale air to escape.  The light well of the
skylight could act as a solar chimney to augment stack effect.  In
order for stack ventilation to work properly, sunlit areas should be
confined to upper region of the building.

ENERGY IMPACT 

Designing around a natural ventilation system presents a tremendous 
energy savings opportunity.  In Hawaii, outdoor air temperature is between 
70-80 degrees for 61% of annual hours.  Assuming that thermal comfort
standards include elevated humidity criteria, the use of a hybrid natural
ventilation system could realize HVAC system energy savings of 35%-60%
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Average annual temperatures 
for Honolulu, HI 

Indoor thermal comfort criteria by 
ASHRAE 55 

Natural Ventilation: Velocity vector 
distribution acquired by CFD analysis 

Natural Ventilation: Temperature 
distribution acquired by CFD analysis 

over a well designed traditional 100% OSA system with economizer and 
energy recovery.  This estimate is based on analysis of bioclimatic factors, 
typical system performance, and experience from other projects- at this 
point in time, we cannot guarantee any level of performance.  The figure 
below compares energy use in this example: 

HVAC Only, With 100% 
OSA and Energy Recovery, 

54,917 kWh/s.f.‐yr

HVAC Only, Hybrid 
System, 33,499 kWh/s.f.‐

yr

Whole Building Energy 
Use, With 100% OSA and 
Energy Recovery, 161,869 

kWh/s.f.‐yr

Whole Building Energy 
Use, Hybrid System, 
140,451 kWh/s.f.‐yr
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COMPUTATIONAL FLUID DYNAMICS (CFD) ANALYSIS 

CFD uses numerical methods to solve the fundamental governing 
equations that describe fluid flow for predefined geometries and boundary 
conditions. The result is a wealth of predictions for flow field parameters for 
any region where flow occurs. CFD modeling can be used effectively to 
predict flow rate of outdoor air coming into the space and to evaluate 
system performance. With information acquired, ventilation requirement 
and thermal comfort criteria in ASHRAE Standard 62, 55 can be checked.  
When modeling natural ventilation, it is necessary to take into account 
other buildings around it as they will affect the effectiveness of the wind 
hitting the building to create the pressure difference needed. 

The following steps are suggested: 

1. Conduct external flow CFD analysis to evaluate flow parameters
(velocity, flow rate) on openings  

2. Subsequently conduct internal flow CFD analysis to predict
detailed flow field for the conditioned space with predicted air flow
from external flow simulation

Additional Resources 

Hawaii Commercial Building Guidelines for Energy Efficiency
http://www.archenergy.com/library/general//chapter2_nat_vent_030604.pdf

BEDP Environmental Design Guide: Natural Ventilation in Passive Design
http://www.environmentdesignguide.net.au/media/TEC02.pdf

Walker, A., Natural Ventilation: Whole Building Design Guide
http://www.wbdg.org/resources/naturalventilation.php

Natural Ventilation Systems
http://www.resourcesmart.vic.gov.au/documents/Natural_Ventilation_Systems.
pdf

















 

 

 

 

 

Following articles are examples of CFD 

applications on other engineering disciplines 
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