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Executive Summary

This report summarizes the findings of ongoing PIER research and other TDV research.  The objective of the PIER research review is to coordinate and leverage the work for the PIER IEQ project with two Commission-sponsored research projects.  For one of the PIER projects (#400-99-012), analytical models are developed for cross ventilation and displacement ventilation flow.  The result of these models is a displacement ventilation model for EnergyPlus.  The second PIER project involves experimental tests of Underfloor Air Distribution (UFAD) systems.

The primary objectives of the PIER project review are:

· To determine if the EnergyPlus ventilation model can be used for Task 2.2, Developing Prototype Classrooms.  

· To determine if the UFAD test data can be used to supplement or replace some of the full-scale mockup tests of the prototypical classroom.

The second part is a review of other research on thermal displacement ventilation.  The research is reviewed with the following objectives in mind:

· Gain a better understanding of the factors that may affect the performance of TDV in classrooms,

· Review other analytical, modeling and experimental work, to see if the scope and plan of the PIER TDV project needs any refinement.

The conclusions as to how each area of research applies to our TDV project are summarized below.  

1. The analytical plume model predicts the airflow of a single thermal plume for a given supply velocity and heat gain.  The model is applicable when thermal plumes generated by internal heat gains are the driving force of the flow.  For well-insulated classrooms, internal heat gains from occupants make a large contribution to the cooling load. Experiment results from the TDV mockup tests can be compared with predictions from this model.

2. EnergyPlus offers a more accurate estimate of displacement ventilation than other energy simulation programs, such as DOE-2.  The CFD simulation data and mockup test data from the PIER TDV project can be used to validate the EnergyPlus model.  The CFD and mockup tests provide a more accurate estimate of the temperature profile for design cooling conditions.  The CFD and mockup tests are primarily used to size the system.  The value of EnergyPlus is in estimating annual energy costs of the TDV system.  EnergyPlus can estimate the annual cooling savings of a TDV system over a conventional system; modeling rules for TDV can be incorporated into the Title 24 Performance compliance procedure, so that users receive proper credit for use of TDV systems.  

3. Due to differences between UFAD and TDV systems, differences in the test setup and different load patterns, the UFAD test data cannot be applied to TDV in classrooms.  

4. Existing design guidelines published by ASHRAE and REHVA offer procedures for designing TDV systems for thermal comfort and air quality.  The CFD simulation results and mockup test results can validate the applicability of these guidelines to California classrooms, or serve as the basis for new design guidelines.

The following sections of this report provide a review of PIER natural ventilation research, UFAD research, and other existing TDV research.  The applicability of the research to the PIER TDV project is discussed in greater detail.

PIER Natural Ventilation Modeling and EnergyPlus Research

This work is performed primarily by Paul Linden and Guilherme da Graca of UCSD and Philip Haves of LBNL under PIER Contract #400-99-012.  The review consists of a literature review of documents related to this project, discussions with Paul Linden and Philip Haves, and a presentation given by Paul Linden and Guilherme da Graca at the California Energy Commission.  This research consists of: (1) analytical models of plume flow and (2) an improved ventilation model in EnergyPlus.  Analytical models attempt to predict the effects of idealized flow from single point heat sources.  The new EnergyPlus ventilation model is based on results of salt-tank tests and analytical models.  Their approach divides a room into two nodes to provide a more accurate model of the temperature of the space.  

Plume Flow Analytical Model

The research of Paul Linden and Guilherme da Graca also includes analytical models of plume flow.  This model seeks to predict the underlying driving force for the buoyancy-driven flow.  The model assumes that the thermal plume flow is the dominant driving force for the air movement.  It assumes that other effects, such as convection from the walls, do not affect the temperature profile.  

A thermal plume rises from a single heat source.  The area of the plume increases with the vertical distance from the heat source.  The driving force for the plume flow is the temperature difference between the heat source and the surrounding air temperature.  As the air rises in a stratified room, the temperature difference between the plume and the room air diminishes.  At a certain height, when the temperature of the plume matches the temperature of the surrounding air, the plume disperses and mixes with the surroundings.  This height is referred to as the stratification height.  Below the stratification height, the air flows vertically up from the plume.  Above the stratification height, the air is assumed to be mixed.  The stratification height is an important design parameter.  To effectively remove contaminants generated by the plume from the occupied space, the height of the plume should exceed the height of the occupied zone (6 feet).

For a single thermal plume (point heat source), Da Graca developed an expression for stratification height that is a function of the air flow rate and the heat gain.  The analysis indicates the height of the plume is proportional to Q3/5 and W1/5, where Q is the flow rate and W is the heat gain.  The thermal plume height is more sensitive to changes in flow rate than changes in heat gain.  Therefore, to maintain a desired stratification height, the supply airflow cannot be increased directly in proportion to the cooling load; more complicated control schemes are required.  

EnergyPlus Model of Displacement Ventilation

For displacement ventilation, the EnergyPlus model divides room into two nodes: a lower occupied zone, where stratification occurs, and an upper mixed zone.  The two-node model requires three temperatures: the floor temperature, the occupied zone temperature and the temperature of the upper portion of the room.  Calculation of the floor temperature is determined from an energy balance on the floor node, and depends upon the convection coefficient at the floor.  The occupied zone temperature is determined by assuming the air enters the node at temperature Tfloor and receives heat gains from the surfaces in the occupied zone.  A fraction of the heat gain that enters the occupied space is estimated to determine Tocc.  The mixed temperature of the upper unoccupied space is determined in a similar manner.

The EnergyPlus model automatically determines whether the flow is displacement, cross-ventilation or mixing flow, based on the internal heat gains, supply air velocity and cooling load.  Low flow rates and high heat gains to the lower occupied space contribute to the selection of displacement ventilation by the program.  The model provides outputs useful for evaluation of TDV systems, including the maximum temperature gradient in the occupied zone, the stratification height and other parameters useful for determining thermal comfort.

Conclusion – Applicability of EnergyPlus Research

The CFD modeling and mockup tests in the TDV project will provide detailed temperature profiles and velocity predictions for varying levels of internal heat gains.  This data can be compared against the predictions of the plume flow model.  Also, the data will show whether the assumptions in the model apply to classrooms.  Effects of heat transfer from the walls are considered negligible for the model.  Also, the air temperature of the upper unoccupied zone is assumed to be well-mixed.  Temperature measurements from the mockup test will indicate if these assumptions are accurate.

Although the EnergyPlus model provides a significant improvement over mixed models, there are difficulties in applying the model to the TDV project.  An assumption must be made about the fraction of heat gains that are convected to the occupied zone.  The TDV mockup test results and experimental results will provide validation data for the EnergyPlus model.  EnergyPlus will provide a more accurate estimate of annual energy use, and a basis for the Performance compliance method of the Title24 Standards.  This will ensure that TDV systems receive proper energy credit under Title24.

PIER Underfloor Air Distribution Testing Research

This work is performed under PIER Contract #500-01-035 by the Center for the Built Environment and York International to test the performance of UFAD systems.  The results also serve as validation data for the EnergyPlus ventilation model.  This review is based on the UFAD test plan documents and phone conversations with Fred Bauman and Tom Webster.

Review

A test chamber at the York facility is used for the UFAD testing.  Their model uses an office configuration that will have different envelope and load characteristics than the classroom model used in the PIER TDV research.  Moreover, the vertical temperature profile in the room is typically different for UFAD systems.  The higher air velocities for underfloor systems cause a greater degree of mixing in the occupied zone.  Diffusers for UFAD provide air at 200 feet per minute (fpm), compared with a 40-75 fpm face velocity for TDV diffusers. 

When supply air velocity is sufficiently low, UFAD systems more closely resemble displacement ventilation.  A test case is included to test displacement from a single thermal plume.  The results are used to validate analytic plume model developed by Linden and da Graca.  The test is designed with low supply air velocity, to mimic displacement ventilation conditions.  The results of this type of test will be useful for comparison with the full-scale mockup test.  Preliminary results are available but additional tests will be completed in January.

Other UFAD tests include:

1. Light-to-space: important in DV.  Only a fraction of the convection heat gains from lighting will reach the occupied space.

2. Heat extraction rate.  This is important in determining the overall cooling load for the test environment.  For the TDV mockup test, the measured cooling load can be compared with the load predicted from energy simulations with mixed ventilation models (DOE-2).

3. Internal heat gains – manikins are constructed with heat tape for uniform heat gain.  Our TDV test represents students as vertical cylinders with a 60W heat source.

4. Testing of different diffuser conditions: number of delivery points, diffuser type, location.  CBE is also testing a case of “overdesign” (too many diffusers).

5. Sensitivity Tests – tests determine the effects of each source of heat gain (envelope, lights, and occupants) on the temperature profile and room air velocities.  Instead of experiments, the TDV project uses additional CFD simulations to determine these effects. 

Conclusions - Applicability of UFAD Testing

The following conclusions can be made about the applicability of UFAD test data.

1. UFAD experimental results do not apply directly to TDV.  The temperature in the occupied zone of the room is essentially mixed in a UFAD system, since the supply air velocity is higher.  The diffuser design, layout and delivery points are different for TDV.  Also, internal loads are a more significant component of the cooling load for a classroom.  The load distribution is different for the office layout in the UFAD tests. 

2. The mockup tests should test the effects of different diffuser types and locations.  A measurement of the light heat gain to the space is another useful test.  For displacement systems, only a small fraction of the light heat gain is expected to reach the occupied space.

3. The UFAD single-plume tests will help confirm the analytical plume model proposed by Linden and da Graca.  The TDV mockup tests do not attempt to isolate the effect of a single heat source.  However, the temperature predictions from a room with multiple heat sources can be compared against the analytical model. 

4. The UFAD tests include sensitivity tests to test the effect of design parameters on temperature stratification.  The UFAD tests will provide useful information on the effects of various load components on system performance.  For the TDV project, the effect of load components on system performance is determined through additional CFD simulations.  

5. The UFAD test includes a more detailed, although not perfect, model of solar radiation striking the windows.  The UFAD testing will provide additional data on the effect of solar radiation heat gain on room stratification.

TDV Literature Review

Overview

Several approaches have been used to gain a better understanding into the design of displacement ventilation systems.  These can be loosely categorized as:

· Analytical and Physical Models – Linden’s work focuses on understanding the fundamental principles of displacement ventilation.  The effect of a single thermal plume is modeled in the salt-tank tests.  Single thermal plumes are also being tested as part of CBE’s UFAD tests.

· CFD Analysis – CFD simulations provide details on the temperature profile and velocities in the room.  Detailed temperature profiles depend on the source and magnitude of the heat gains and are difficult to predict.  The low air velocities associated with TDV are difficult to accurately measure.  Another advantage of this approach is that a large number of cases may be studied, without performing the time-consuming and costly experimental tests.

· Experiments – provide detailed data on temperature profiles, surface temperatures, air velocity and contaminant removal.  The data aid in the design process and also serve as validation for CFD models.

· Design Guidelines – design guidelines provide procedures for determining supply conditions and diffuser requirements for thermal comfort and indoor air quality.  The REHVA Displacement Ventilation Guidebook and the recently published ASHRAE design guidelines include such procedures.

· Simulation Modeling (EnergyPlus) – simulation serves as validation of the system design over the course of a year.  It also indicates the annual energy use of a particular system for specific outdoor conditions.

· Case Studies – reports on the performance of TDV used in schools provide insight on system design and thermal comfort.  Turner’s design of Boscawen Elementary School in Boscawen, NH is one example of TDV in use.

These approaches are interrelated and are often used together when analyzing displacement ventilation performance.  This review is targeted at: (1) identifying TDV design criteria – important parameters that affect TDV performance – for model development (Task 2.2) and classroom selection (Task 2.6), (2) verifying the CFD simulation and mockup validation procedure, and (3) understanding existing TDV design guidelines, so that the CFD and mockup test results produce all the outputs necessary for the System Design Phase (Task 2.5).

TDV Design Criteria

To determine the suitability of TDV for a particular building, it is essential to understand the parameters that affect TDV performance.  The design criteria provide input to the classroom prototype models used for CFD analysis (Task 2.2), and to the selection criteria for the demonstration classroom (Task 2.6).  Key design parameters that affect room stratification and thermal comfort are listed below.  

1. Stratification Height – a high ceiling promotes thermal stratification in TDV systems.  The recommended ceiling height is 3 meters or 9.8 feet (REHVA, p.1).  The classroom models for the PIER TDV project include cases for ceiling heights of 10 and 12 feet.

2. Maximum Cooling Load – studies have suggested a maximum cooling load, beyond which TDV becomes less practical.  Earlier studies indicate that DV systems without cooled ceiling panels can only be used for loads up to 13 Btu/h-ft2 (Yuan, et al 1998).  Later studies (Chen, 1999) indicate that DV may be a viable design option for loads as high as 38 Btu/h-ft2.  This is an important design limit: higher cooling loads will require larger supply air flow rates for a given supply temperature.  This, in turn, requires a larger diffuser area to maintain low inlet velocities.  The prototype classroom used for the TDV project has one exterior wall and a design cooling load of approximately 13 Btu/h-ft2 for the Sacramento climate (excluding the energy required to cool the outside supply air).  The classroom prototypes modeled with CFD will demonstrate how the displacement ventilation system performance is affected by the cooling load.

3. Source of Heat Gains – with displacement ventilation, the relative magnitude of the heat gains by source is important.  A prediction of the temperature gradient between heat and foot level as a function of ventilation rate, and individual heat gains was developed from correlations of 56 CFD simulations, including 14 simulated classrooms (Chen, 1999).  This correlation separates building heat gain into contribution by occupants and equipment, lighting, and envelope.  Only a fraction of the heat load from lights, people and equipment is convected directly to the occupied zone.  About 30% of the occupant heat gain and 19% of the envelope heat gain reaches the occupied space. Lighting heat gain contributes less to the cooling load than occupant and equipment heat gain, since a smaller fraction of the heat reaches the lower occupied space.  The conduction heat gain through walls and radiation heat transfer between room surfaces significantly affect the room temperature profile (Yuan, 1998).  

4. Heat Transfer at Walls – buoyancy will cause an upward or downward flow at the wall, depending on the wall surface temperature.  Chen (1998) provides a prediction of the flow rate of the boundary layer at the wall.

5. Diffuser Selection and Layout – the velocity and throw of the diffuser must be controlled to avoid draft.  The REHVA Guidebook provides means of estimating the air velocity at a specific point from the diffuser.  The cool supply air emitted from the diffuser falls to the floor; the air diffusion to the room occurs at 20cm from the floor.  The maximum recommended air velocity is 40 fpm (Yuan et.al. 1999).  

CFD Simulation and Experimental Testing

CFD simulations provide details on the temperature profile and air velocities in the room.  Detailed temperature profiles depend on the source and magnitude of the heat gains and are difficult to predict.  The low air velocities associated with TDV are difficult to accurately measure.  Another advantage of this approach is that a large number of cases may be studied, without the time-consuming and costly experimental tests.

Chen’s CFD studies use a RNG k- turbulence model; separate functions are used near the wall where the flow and Reynolds (Re) number is low.  Other models offer increased simplicity, but this model has good agreement with experimental data.  Other important design considerations are the boundary conditions near the walls, air velocity measurements and simulation of solar radiation gains.

For boundary conditions, our approach uses an energy simulation program, DOE2.1E, to determine the wall surface temperatures as boundary conditions to the CFD analysis.  A first CFD simulation will be run to predict temperature stratification and air velocities at different locations.  A first experiment of the full-scale mockup will provide detailed surface temperatures at different locations.  The measured wall temperatures will be used to refine the CFD model.

Experiments validate the temperature profile and airflow predicted by CFD.  One difficulty in tests for TDV is accurate measurements of low air velocities.  Experiments by Chen use hot-sphere anemometers to measure velocities; however, measurements are not very accurate for velocities less than 20 fpm.  Their test results of a small office indicate that for a supply air velocity of 18 fpm, the air velocity is less than 10 fpm throughout most of the room (except near the floor).  However, the flow pattern predicted by CFD matches observations from smoke visualization tests (Chen 2003).

Another difficulty is accurate simulation of the solar radiation heat flux incident on the window and transmitted to the room interior surfaces.  Some researchers have used metal halide lamps and a separate controlled chamber to simulate outdoor conditions.  The radiation heat gain to each surface is very difficult to determine.  The TDV mockup test uses the assumption that 60% of the transmitted radiation is sent to the floor, and the remainder is equally distributed among the other interior surfaces.  For the mockup test, the heat flux for each surface is adjusted based on this assumption of the distribution of radiation heat gain.

TDV Design Guidelines

Due to the temperature stratification in the room, system design requires more than determining supply airflow and temperature needed to maintain a setpoint temperature.  System design requires a prediction of both thermal comfort and indoor air quality.  Yuan (1999) provides design guidelines for displacement ventilation systems; these results have been recently published as part of ASHRAE’s “System Performance Evaluation and Design Guidelines for Displacement Ventilation”.  Key features of the guidelines are summarized here.  This procedure can be used in the System Design Options (Task 2.5) phase of the project.  Alternatively, new design guidelines specific for classrooms can be developed from the CFD and mockup test results.

1. Design for thermal comfort.

a) Determine the temperature gradient in the occupied zone.

The European association REHVA has published design guidelines on displacement ventilation.  They suggest a simple “50%” rule, whereby the difference between the supply temperature and air temperature near the floor is 50% of the difference of the supply and exhaust temperature.  Chen indicates that this assumption does not match the entire range of experimental test data:  the non-dimensional temperature at the floor (f) varies from 0.2 to 0.7, where f = (Tf – Ts)/(Te-Ts).

To maintain thermal comfort, there is a maximum temperature difference between the temperature at heat and foot level, Thf.  This temperature difference should not exceed 3.6F to maintain thermal comfort.  Chen (1999) provides a calculation for predicting this temperature difference.  Three parameters, determined from a fit of experimental data, specify the fraction of heat gain that goes to the occupied space.  The correlation is based on CFD simulations of 56 room configurations, including 14 classrooms.  The fraction for occupant/equipment heat gains, lighting heat gains, and envelope heat gains are 0.295, 0.132, and 0.185, respectively.  This means that a more significant fraction of occupant and equipment heat gains reach the occupied space.  

b) Determine the supply flow rate (ventilation rate).

The ventilation rate is determined to maintain the air temperature in the occupied zone at a set temperature.  This also depends upon the magnitude and location of the heat gains.

c) Determine the diffuser layout and diffuser type.

Verify the air velocity is sufficiently low to avoid draft.  The ASHRAE guidelines recommend a maximum air velocity of 40fpm.  Velocity results from the CFD simulations help to verify the correct diffuser application.

An important result of the CFD modeling for the TDV project will be to determine this temperature gradient for the expected range of occupant, equipment, lighting and cooling loads.  The intent of the classroom prototypes is to cover the range of occupant, lighting and equipment found in California classrooms.  

2. Design for air quality.

Indoor air quality depends on the contamination level of the supply air and the ability to remove internally generated pollutants out the exhaust.  TDV systems use 100% outside air, resulting in an improved supply air quality.   

TDV systems are also more efficient at removing pollutants from room air.  The ventilation system’s ability to remove pollutants is referred to as the ventilation effectiveness.  Ventilation effectiveness at head level is defined by:

 = (Ce – Cs) / (Ch – Cs)

Where Ch,Cs, and Ce are the contaminant levels at head, supply and exhaust levels, respectively.

The higher the ventilation effectiveness, the lower the contaminant concentration will be in the occupant breathing zone.  For TDV systems, Chen (1999) provides a correlation of the ventilation effectiveness as a function of the ventilation rate (ACH) and the loads due to occupants, equipment, lighting and envelope.  For mixing systems, the ventilation effectiveness is one: the contaminant concentration at head level is assumed to match the exhaust level.  For TDV systems, the ventilation effectiveness is typically 1.2-1.5, a sign of a more efficient removal of pollutants from the occupied zone.  Therefore, lower air flow rates are required for the same air quality.

Conclusions – Other PIER Research

The existing literature was reviewed to determine important design factors on TDV performance.  The ceiling height, the location of the heat sources and the convection heat flow at the wall impact the temperature stratification.  Design guidelines have been formed from results of CFD analysis and experimental data.  These guidelines consist of predictions of floor temperature, the temperature difference between head and foot level, and ventilation effectiveness.  The CFD and experimental results can support the existing design guidelines, or serve as the basis for new guidelines.  Design guidelines are essential in ensuring that systems provide good thermal comfort and indoor air quality.
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