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Abstract

According to ASHRAE Standard 90.1-1999, buildings must have a minimum quantity of outside air, or ventilation air, brought in by means of a mechanical ventilation system. This minimum quantity may depend on building or room usage, square footage, number of occupants, or other factors. Because these factors may change for a given time, the minimum amount off ventilation air may change as well. In order to control the ventilation air intake and, thus, maximize the efficiency of the air-handling-unit, the amount of supply, return, and outside air must first be quantified. In a variable-air-volume (VAV) system, accurate measurement and control of outside air is a much more difficult task. There are currently two main categories of techniques used for measuring airflow in HVAC systems: direct and indirect. 
Research has proven that direct methods of control using pitot tube arrays or electronic thermal anemometers provide the most accurate measurements. With accurate measurement techniques employed, the most accurate method of controlling airflows was through plenum pressure control. While this technique worked well, several problems arise in practical field applications which may cause errors in measurements and control. Indirect methods typically either do not provide consistent readings or provide readings which are inaccurate. These factors are cause for multiple measuring points to be implemented for precise and accurate reading. 
With advances in technology, sensors, controllers, and actuators are becoming more accurate, more powerful, smaller, and less expensive. These attributes can be used in the design of Intelligent Buildings to more effectively measure and control the amount of OA entering a system. Smaller, more precise sensors will be able to overcome most, if not all of the problems associated with the measurements and control of OA.
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Introduction

Ventilation air is brought into buildings for three main reasons: the health and comfort of the occupants, the removal of internally generated contaminants, and to maintain certain pressure differentials between the indoor and outdoor climates. These can be accomplished by infiltration, natural ventilation, and mechanical ventilation.
 However, AHRAE Standard 90.1-1999, Energy Standard for Buildings Except Low-Rise Residential Buildings, has been established by the Department of Energy (DOE) as the commercial building reference standard for state building energy codes under the Federal Energy Conservation and Production Act. According to this standard, buildings must have a minimum quantity of outside air, or ventilation air, brought in by means of a mechanical ventilation system. This minimum quantity may depend on building or room usage, square footage, number of occupants, or other factors. 
In a constant-air-volume (CAV) system, the minimum required ventilation air is supplied by setting the minimum outside air damper position so that it will deliver the required outside air. This is possible because the supply fan delivers a constant air volume, so that, after the initial balancing, no further requirements are needed to ensure that the minimum outside air requirements are met.
 However, in a variable-air-volume (VAV) system, accurate measurement and control of outside air is a more difficult task. This is because the supply fan fluctuates with the load. Therefore, if the outside air damper is fixed in a manner similar to that of a CAV system, as the load fluctuates, the supply fan flow fluctuates as well. This fluctuation in fan flow will cause the ventilation air flow to fluctuate as well, which could lead to the minimum rates not being met, or too much ventilation air which wastes energy during the conditioning process. This has lead to the requirement for alternate means of measuring and controlling outside air intake in VAV systems.
While the easiest way to ensure both proper indoor air quality and that the minimum amount of outside air is brought into a building is through the use of a dedicated outside air system in which there is 100% outside air being brought in. The problem with a system such as this is the high cost of conditioning such a large amount of air.
 Because of this cost, most systems are designed to bring in only the minimum required amount of outside air. To bring in outside air into a building that is not serviced by a dedicated outside air system, dampers are modulated to allow for certain amounts of ducted air to be directed either back to the air handler or exhausted out of the building. The amount of air that is exhausted is the theoretical amount of air that needs to be made-up in the form of outside air. In order to control the ventilation air intake and, thus, maximize the efficiency of the air-handling-unit, the amount of supply, return, and outside air must first be quantified.  
Measurement Techniques
There are two main categories of techniques used for measuring airflow in HVAC systems: direct and indirect.
 
Direct Measurement
Direct measurement techniques measure the airflow directly, and the most common techniques include:
1. Averaging Pitot-Tube Array – Based on pitot-static tubes, an averaging pitot-tube array averages both the total and static pressures through the duct and then calculated the airflow velocities from the difference between the two average pressures, or the velocity pressure

2. Electronic Thermal Anemometry – A heated devise losses heat at a rate determined by the temperature and velocity of the fluid being measured. 
These techniques require well developed airflow profiles. Spacing of 2D upstream from a measurement station, and 1D downstream is typically required to achieve such a profile.2 It is often the case that there is just not enough space allotted for the system to allow for the required fully developed flow profiles, rendering measurements from direct techniques inaccurate. Often, even if there is enough room available, the system is not designed to accommodate the required length of duct runs, or the measuring device is not properly located to take advantage of the fully developed flow profiles that do exist.
With the advancements in technology, specifically in the field of sensors, it is feasible to accurately measure airflow rates when fully developed flow profiles do not exist. This is made possible by the lowered cost of sensors, allowing for multiple sensors to be implemented throughout a system of ductwork. Currently, design standards call for only one sensor per air stream. 
Indirect Measurement

Indirect measurement techniques measure parameters that are dependant upon the airflow, rather than the airflow itself. The most common techniques include:

1. Enthalpy Balance – Under the assumption of adiabatic mixing of airstreams, the outside airflow rate may be determined by performing mass and energy balance on the airstreams

2. Concentration Balance – This technique, similar to the enthalpy balance, is typically based on CO2 concentration levels

These are typically used as alternate techniques when either outside air intake rates are low, or when there is not sufficient space to implement direct techniques. For both techniques, multiple measuring points are usually required. In conditions where outside and return air streams have similar measurement characteristics, this method of measurement technique returns values which are not accurate. However, more precise and accurate sensors could be utilized to overcome this problem. Increased precision and accuracy could allow for the individual air streams to have measurement characteristics within two times the sensor accuracy plus precision. The more accurate and precise sensors become, the closer the air stream characteristics may be to each other, while still returning accurate readings.
Control Techniques

There are several methods used to control the amount of outside air entering a building. While several techniques exist for the control of outside air intake, this paper is limited to the most commonly used and researched techniques.
Fixed Minimum Outdoor Air Damper Position
The basis of this technique is similar to the control technique of a CAV system, in which the outdoor air damper is set to allow the minimum outside airflow intake at the minimum design flow condition. As the design flow increases, the damper modulates open as the design flow increases. This control method often does not deliver the required minimum ventilation air due to static pressure in the mixing box. This method has been determined to be fundamentally flawed because outside air intake rates will be closer to a constant percentage of supply air, rather than a constant volume flow rate. Other complications arise with stack and wind effects on the outside air intake rate.4 It has been determined through extensive research and modeling that this method of control is the least accurate, and should not be used in VAV design
Volumetric Fan Tracking

This technique is basically to measure the supply and return airflow, and the required ventilation airflow will be the difference between the two. In order to achieve accurate reading of outdoor air, the system must overcome turbulence from air entering the outdoor air louvers, temperature ranges of outdoor air, and various required velocity pressures. It has been shown that typical measurement errors can translate into outside air intake rates varying by as much as 35%.2 However, improved sensor technology can be used to decrease these differences through increased precision and accuracy. Multiple sensors could add redundancy to the measurements. This way, depending on the area of area of resulting error, the system could determine which measurements are accurate, and which have associated errors, and then disregard the erred measurements.
Differential Static Pressure Control
This technique involves maintaining a constant pressure in the mixed air plenum or other reference point in the duct. With a constant pressure in the mixed air plenum, the outside air quantity remains constant as the supple fan flow modulates. This can be implemented by modulating the return air damper. Possible damper arrangements include a single damper used for both ventilation and economizer, of maximum and minimum dampers. The use of two dampers works best. With this technique, the fan and ductwork must be sized to produce a mixed air plenum pressure that is negative enough to draw in the required minimum ventilation airflow rate at the minimum supply airflow rate. Multiple sensors can be used to ensure that both that the plenum pressure is negative enough, and that the required amount of outside air is being drawn into the system.
Outside Air Injection Fan
With this technique, outside air is injected directly into the return duct via a separate injection fan. Because of the separate fan, minimum outside air quantity is able to be maintained by either a variable-frequency drive (VFD), or a dedicated outside air damper. However, this method needs additional space for the fan and duct run so that a fully developed flow profile may be achieved. Also, the additional fan increases both the initial and operating cost of the system. 
Discussion and Conclusion

Currently, most researchers agree that direct measurement is the preferred method of control. Schroeder et al. (2000) confirms that control strategies implementing direct measurement using either pitot-tube arrays, or electronic thermal anemometers provided the best ventilation control.
 However, the inherent problems involved in proper design and installation to achieve the required flow profiles cause these methods to be intrinsically flawed in the field. Intelligent Building design is approaching the point at which these flaws may be overcome by advanced sensor capabilities and the ability to use multiple sensors to ensure accurate measurements.
CO2 concentration balance was also able to provide adequate control with the exceptions of low occupancy, or when outside air represented a small fraction of the supply air. It was shown that the accuracy of CO2 concentration balance degraded as COra – COoa became small.
  Another problem with this method is that it only gauges people in space. Bringing in outside air into a building is not only designed for contaminates generated by people, such as CO2, but also for other contaminants in the space, such as VOCs given off by carpets, paints, and other construction materials. This has prompted some code authorities, such as the DCA in New Jersey, to not accept this method as an acceptable means of controlling ventilation air. The new ASHRAE Standard 62-2004 addresses building contaminants as well as people contaminants, but under the current code, it does not work very well. As discussed earlier, increased sensor precision and accuracy can overcome the problems associated when the difference in concentration levels becomes small. Increased sensor capabilities could potentially allow for individual sensors to measure not only CO2, but also VOC’s. This could lead to improved IAQ by providing not only the minimum amount of OA, but an amount large enough to remove all of the harmful contaminants generated within the building.
With a means of accurately measuring airflow, several control strategies were able to be accurately implemented. The most effective of these strategies was plenum pressure control, with Shroeder et al. (2000) being able to maintain outside air intake 100% of the time.
Recommendations

Most research suggests most effective solution to the measurement and control of OA intake is to first be able to accurately measure the number of people in a space. This would allow for simple control strategies to maintain the minimum required outside air intake based on the variable number of people and the constant required outside air per person for the given space. However, Intelligent Design could currently be implemented to overcome the current problems with measuring and controlling OA intake. The use of multiple sensors that are not only more accurate now than ever, but also cheaper, smaller and more durable, needs to become the industry standard to ensure that accurate measurements are being taken. If sensors can be placed anywhere and everywhere, improper installation will not occur. If multiple sensor readings can be combined to produce accurate readings without fully developed flow profiles, than lack of space is no longer an issue. 
Intelligent Building Design of the (near) future will be able to take this a step further. Sensors that are capable of measuring multiple variables will be used to measure and control OA through concentration balancing techniques. These advanced sensors will be able to not only measure the contaminants produced by people within the building (ie-CO2), but also other contaminants generated within the building (i.e. - VOC’s). Taking this another step further, these sensors will be able to determine the level of contaminants associated with the OA itself. From these determinations, software programs will be able to determine which air stream has the lowest levels of contaminants, and increase that air streams flow rate. 
With accurate measurements such as these, the future of ventilation requirements is uncertain. If measurements can prove that the RA contains less contaminants than the OA, should the system design not favor 100% RA? This would improve IAQ will lowering energy consumption. Better, cheaper sensors could also lead to the ability to design a system based on room or zone occupancy modes, rather than a building as a whole. This could result in large energy savings for schools, colleges, and universities in particular. If motion sensors, which are currently in use, can determine if a room is being occupied or not, and command the lighting system accordingly, a similar, or even the same system could be implemented for HVAC control. This way, the amount of OA that is being conditioned is the actual minimum required for occupied areas, rather than conditioning the minimum amount of OA required for the whole building. Overall, improved sensor technology is leading to the ability for control of the indoor environment on an individual comfort level basis. How this is going to affect the HVAC engineer has yet to be determined. Time will tell.
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