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ABSTRACT
By always keeping the sash on a hood closed, an automated sash closer improves laboratory safety and containment of hazardous substances.  Several vendors now offer variable exhaust flow controllers.  Their advertised function is to maintain constant face velocity as a function of sash position while controlling supply air flow to maintain the room at negative static pressure throughout the variable exhaust flow range.  This study presents proven design rules that enable hygienists to justify the apparent expense of constant face velocity hoods with automatic sash closers over the traditional, but less protective, constant volume laboratory safety hood equipment.  For retrofit installations, the diversity-based design produces sufficient energy savings to amortize the extra cost of this desirable technology in 1 to 2 years.  For new construction, the savings in building mechanical systems often exceed the extra expense in each laboratory hood, providing an immediate payback.  This makes the apparent higher cost of the constant face velocity hood a phantom.  Improved laboratory safety pays for itself in both capital and operating budgets.  The accompanying savings associated with reduced energy use, reduced exposure to liability, and improved productivity translate directly into profits for landlords and tenants alike. 
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INTRODUCTION
Two prevailing design philosophies about laboratory hoods are: (1) constant volume and, (2) constant face velocity.  The first is less expensive to build in terms of hood and exhaust system components, but more expensive in terms of a complete building and all related systems.  The second is much less expensive to operate since hood sashes are kept closed except during periods when an employee is actively manipulating equipment in the hood.  We advocate the constant face velocity approach for its desirable combination of enhanced laboratory safety and reduced life cycle cost.  The constant face velocity can be achieved with a variable exhaust fan installed on each hood, or it can be obtained with a single, large "ganged" exhaust system wherein each hood is controlled by a variable air volume (VAV) control valve.  The underlying technological development has been ongoing since 1978 when Vresk et al. completed their classic mock-up testing of a prototype VAV laboratory safety hood exhaust system.( 1 )  Only recently has the application technology been refined to yield commercially-available control systems that are simple to install, reliable to operate and easy to maintain.

In this investigation we focus on design implications of the "ganged" system, because its initial cost is lower than the single fan per hood system.  Either system can be designed by the method outlined here.

We assume that some mechanism exists within or on each hood to maintain a relatively constant hood capture velocity at all sash openings.  We further assume that a mechanism exists whereby hood exhaust flow rates are used to control room supply flows as necessary to satisfy the NFPA 45 requirement that rooms containing hoods operate at negative static pressure.( 2 )  We also assume that ANSI Z9.5 guidelines regarding appropriate conditions for a common manifold and exhaust fan for multiple hoods have been satisfied.( 3 )
Our starting point is the classic work of Dr. Roy Hunter in 1932 at the National Bureau of Standards.( 4 )  He first assumed that the operation of the principal fixtures making up a plumbing system could be considered as purely random events.( 5 )  His goal was to quantify, on the basis of probability, a means of sizing waste conduits based on usage demand at a probable "not to exceed" failure rate.  Even though plumbing fixture utilization patterns are not entirely random, he showed that with reasonable safety factors, he could produce economical designs. 
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METHOD, Illustrated with a 5-Hood System
This article extends the basic theory developed by Dr. Hunter for plumbing fixtures to laboratory systems including fume hoods, air distribution ducts, and air exhaust in laboratory buildings.  It can also be applied to HVAC systems and subsystems. 

Two key concepts support our analysis: active use and diversity. When a hood's sash is fully open and an operator is manipulating equipment within the hood, this is defined as active [hood] use. At all other times, each hood in a "ganged system" is assumed operational with some exhaust flowing from it, but with its sash fully closed.  When several hoods are exhausted through a single fan, only a fraction are in active use at any moment.  This diversity of active use allows us to design a smaller fan and results in lower building energy use with constant face velocity hoods than with constant volume hoods.  We define the term diversity ratio in terms of m, the maximum number of hoods likely to be in simultaneous active use out of a set of n ganged hoods.  Then, diversity ratio = Qm/Qn, where Qm is the maximum expected flow and Qn is the flow required if all n hoods were in simultaneous active use. 

The design questions we address are: 
(1)  How many hoods must there be in a system to realize the advantages of diversity? 
(2)  How small may we make the exhaust ductwork and fan, based on the diversity of active hood use?

Selecting the Probability of Active Use
To be consistent with Hunter's approach, one would instrument each fume hood on a common exhaust to record each sash opening, how far it was opened and how long it remained open.   To be conservative in design, we assume that whenever a hood is in active use, its sash is fully open, purposefully overestimating the exhaust flow needed.  Further, we assume that both the timing and duration of active hood use are random, uniformly distributed, independent, uncorrelated and ergodic. (An ergodic system is one in which the average taken over time on one member of a set converges to the  average taken across all members of the set at a single point in time.)

We observe each hood continuously for a lengthy period of time.   We record the proportion of time each hood is in active use.  The hood with the largest proportion of time devoted to active use represents the peak probability of use.  Random sampling in three major research facilities ( 6 ) ( 7 ) ( 8 ) has suggested that the maximum probability of active use among hoods is less than 5%, regardless of time of day.  We choose pmax = 0.05 as the upper limit of this range.  We multiply by a safety factor of 3 to produce our conservative estimate of p = 0.15, the basis for our design method. 

Average Hood Use Rate - The Ergodic Theorem
Again, ergodic laboratory ventilation system is one in which the average taken over time on one of a group of n hoods converges to the average taken across all n hoods at a single point in time.  We assume that, p, the average proportion of time one of a group of n identical hoods is open, is equal to the average proportion of those n hoods open at randomly-chosen instants of time. 

To illustrate, for p = 0.15, the average active use for each hood is 72 minutes per 8-hour shift.  For a five-hood system, we expect average active hood use per shift to be 360 minutes (72 min/hood)*(5 hoods).   Similarly, if we count the number of hoods in simultaneous use every minute during the shift and find an average 15% of our hoods in active use, we would compute 360 minutes of active hood use per shift (0.15)*(5)*(480).  For ganged hoods, the ensemble average (proportion of hoods in use at one time) is equal to the time average (proportion of time one hood is in active use) with a high degree of probability.  In the discussion that follows, we use the term average flow to mean both the average flow in a single hood over time, and the average flow through multiple hoods at the moment of random observation. 

Probability Analysis
To illustrate the concepts of diversity in laboratory ventilation systems, consider a simple system having five hoods numbered 1 through 5, exhausted through a single exhaust air duct, with a single exhaust fan mounted outside the building shell.  The exhaust flow of each hood has two settings, 200 cfm when the sash is closed and 750 cfm when the sash is fully open (in active use).  It is easy to compute the total flow through the exhaust fan when r of n ganged hoods are in active use.  We illustrate below with 3 of 5 hoods open: 
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	(1)


We define the probability, pi , that hood i will be in active use at an arbitrary instant of observation, and, qi = (1 - pi ), as the higher probability that hood i will be closed and unattended.   To illustrate the principle involved, we assume all hoods to have the same probability of use and assign pi = p = 0.15 and q = (1- p) = 0.85 for numerical examples.

Patterning after Hunter's work, we assume active use events to be statistically independent and uncorrelated.{5}  The probability that two particular hoods 1 and 2 will be in active use at the same time is the product of the probabilities that they, individually, will be in use: p1 p2 = p 2 = 0.15 2 = 0.0225.  Similarly, the probability that hoods 3 to 5 are closed at one instant is the product of the probabilities that each one is closed at that instant:

q3 q4 q5 = q 3 = (1 - p) 3 = 0.85 3 = 0.614 

The probability of the compound event that hoods 1 and 2 are in active use while hoods 3, 4, and 5 are closed is the product of the foregoing probabilities.
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We can easily generalize equation (2) to the case in which a specific subset r of n hoods is in active use at an arbitrarily chosen instant.   If hoods 1 to r are open, and hoods (r+1) to n are closed, then equation (3) is the correct expression under our stated assumptions: 
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	(3)


The number of ways to select r hoods out of n hoods is the same as the number of combinations of n things taken r at a time.   The binomial coefficient is defined below and illustrated for the number of ways one could open any 2 of 5 hoods: 
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	(4)


Thus, if n = 5 and r = 2, the probability that any two of the five hoods, but none of the other three, will be found in use at an arbitrary instant of observation is the product of the number of ways any two hoods can be chosen from five and the probability that each of those specific pairs was chosen:
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	(5)


Equation (5) provides the complete probability description of the distribution of hood use.  From it, we define the cumulative probability distribution function needed to estimate the maximum required exhaust capacity.  Pn(r  m) is the probability that m or fewer hoods of a group of n hoods are operating at a randomly-chosen instant of observation.  For clarity, we illustrate its use for m = 3 and n = 5:
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	Table 1 - Binomial Statistics for Five Identical Ganged Hoods Assume p = 0.15
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	r
No. of
Open Hoods
	Qr
Exhaust Flow [cfm]
	Probability
Density Function
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(any r of 5 are open)
	Cumulative
Distribution Function
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	m
Maximum
No. of
Open Hoods
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	0
	1000
	0.443705
	0.443705
	0

	1
	1550
	0.391505
	0.835210
	1

	2
	2100
	0.138178
	0.973388
	2

	3
	2650
	0.024384
	0.997772
	3

	4
	3200
	0.002152
	0.999924
	4

	5
	3750
	0.000076
	1.000000
	5
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Table 1 summarizes our illustration of five ganged hoods.  It shows both the probability density function (pdf) from equation (5) and the cumulative probability distribution function (cdf ) from equation (6).  Such tables can be constructed from standard statistical handbooks( 9 ) or from the binomial statistical function in modern spreadsheets or statistical software. 

Table 1 incorporates the design calculations from equations (1) through (6).

	[image: image23]
	Column 1 shows r, the number of hoods that are open; r is a random variable controlled by the laboratory mission and the behavior of employees using the hoods.

	[image: image24]
	Column 2 shows the required total exhaust flow as a function of the number of open hoods, r, assuming a closed hood needs 200 cfm and an open hood needs 750 cfm for proper operation.
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	Column 3 contains the probability that exactly r of 5 hoods will be open at a randomly-chosen moment in time, based on equation (5) solved for a probability, p = 0.15, that a hood is open.  Column 3 can also be interpreted as the average proportion of time the ganged hood system spends in the state where r hoods are active.
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	Column 4 displays the partial sums of probabilities in column 3. These can be computed from equation (6), and they provide the probability that m or fewer hoods are open at any moment of inspection.

	[image: image27]
	Column 5 lists m, the maximum number of active hoods associated with the probability in column 4.  For example, we expect two or fewer hoods to be active during 97.3% of randomly-chosen observation times, because P (r  2) = 0.973.


Table 1, column 4, clearly illustrates that 99.8% of the time, 3 or fewer hoods are in active use in a system containing five hoods.  Thus, using the principle of diversity, the main duct and fan can be designed for a capacity of [image: image28.png]


, 30% lower than the flow required for a constant volume design: [image: image29.png]


. 

Average Exhaust Flow Controls Energy Costs 
The operating costs consist primarily of energy costs associated with moving air and with tempering necessary make-up air supplied to each room.  Energy costs are proportional to average flow.  The flow-weighted average is computed by summing products of the flow required to exhaust r hoods and the probability that r hoods are open (equals proportion of time r hoods are open by the ergodic theorem).  Data are found in columns 2 and 3 of Table 1, and the calculation is given below:
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Maximum Probable Exhaust Flow Controls Exhaust System Size 
The criterion for adequate design is: The system will be considered to operate satisfactorily if it is so proportioned that it will supply adequately the simultaneous demand load for such number m of the n hoods comprising the system that more than m will probably not be found in simultaneous operation more than 1% of the time.  This criterion is the basis for both of the next two inequalities.  Either can be used in the design process. 
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	(8)


These equations are easily computed in modern spreadsheets and are tabulated in many statistical texts for value of n up to 50.( 9 ) 

The smallest value of m for which the above equations are true gives the number of hoods for which the system should be designed to satisfy our stated design criteria.  It is easy to see from column 4 of Table 1 that the smallest value of m for which P 5(rm)  0.99 is m(0.99) = 3.  Therefore, we should size the collector duct and exhaust fan for three active hoods in a five-hood system.  The maximum probable exhaust flow is [image: image34.png]



For a system with n hoods, we define the 99% maximum probable exhaust flow as Q mn .  This means at least 99% of the time, total exhaust flow is less than Qmn. 
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DISCUSSION
The design methodology of this paper is easily implemented.  (DOS shareware program to make diversity calculations is available from Accu*Aire Controls, Inc., 1516 Shiloh Ave, Bryan, Texas 77803. E-mail address: accu@bihs.net.)   It results in significant cost savings, compared to constant volume design methods.  As described, it has significant safety factors that insure the probability of limited failure is much smaller than it appears at first glance.  As the number of hoods in a lab ventilation system increases, the turn-down ratio of the fans needed to implement the system is dramatically reduced.  These nuances of the diversity-based design methodology are the topic of this discussion section, and are illustrated in a companion case study paper.( 10 ) 

Cost-Benefit Considerations for a Diversity-Based Lab Ventilation System
Two factors affect the life cycle cost of a laboratory ventilation system: initial equipment costs and continuing operating costs.  Both are directly influenced by hood exhaust flow and room supply flow requirements selected by the system designer.  The minimum flow for each hood must be large enough to insure: 
(1)  minimum necessary duct velocities, 
(2)  minimum necessary exhaust flows to keep laboratory rooms under negative pressure relative to corridors, (3)  minimum necessary supply flows to provide general ventilation and thermal comfort in the laboratory room.

The initial costs are affected by the level of automation and the maximum design air flow.  In a constant volume system, five hoods operating at 750 cfm each would require 3750 cfm.  In the proposed diversity-based system, the maximum design flow for five hoods is 2650 cfm.  Ductwork, fans, heating, cooling and dehumidification subsystems can all be reduced in size by that same 30%. 

To achieve this reduction reliably, automatic sash closers and tracking supply air controllers are required to maintain laboratory negative pressure.   Although the installed cost for diversity-related equipment is higher than for constant-volume equipment, diversity-based design provides a means to amortize those expenses. 

For existing buildings, the benefits of reduced operating costs more than make up for the expense of retrofitting the needed automation.  Savings in operating costs quickly pay for the capital investment. 

For new construction, the increased cost of automating laboratory hoods and rooms is offset by larger savings resulting from reduced capacity for central heating and chilling equipment which produces net savings in total construction costs.   Continuing savings from reduced operating costs flow to the profit side of the ledger throughout the life of the system. 

Neglecting the possibility of peak demand surcharges, the savings on an energy cost basis are enormous.  The energy costs of the constant-face-velocity, diversity-based 5-hood system with Qavg = 1412 cfm and automatic sash closers is 62% less than those of the constant volume system with Qtotal = 3750 cfm. 

For the present case of five ganged hoods, this reduction comes at the minimal risk that in an 8-hour period there may be, on average, a cumulative total of 63 SECONDS {(0.0022)*(480 min)} when more than three hoods are simultaneously fully open with an exhaust flow exceeding 2650 cfm.  Since hoods are seldom fully open in ordinary usage, this peak flow is unlikely.  We note that there are electric motors capable of short term overload up to 400% of rated capacity for periods up to six minutes.  If designed with such a motor, our proposed system would not overload.  More importantly, because of our very conservative assumed safety factors, the realistic probability of exceeding 2650 cfm is considerably lower than 1 minute.

Safety Factors
The proposed design rules are very conservative.  We believe that with experience, we will be able to reduce our safety factors, thereby obtaining further reduction in design exhaust flow capacity.  For now, it suffices to identify the safety factors explicitly and discuss their affect on system capacity.

People rarely work in front of a hood that is fully open.  More often, the sash is open one half or one third of its travel, thus providing eye and face protection to the user.  This means our assumption that a flow of 750 cfm is required during each active use may be high by a safety factor of 1.5.  Studies underway in large laboratory facilities show that typical hoods are open in active use 5 to 20 minutes per day, or about 1% to 4% of the time.  Since observed average use is about 2.5%, our assumed 15% average use includes another safety factor of 6.  ASHRAE recommends laboratory supply flow rate of 0.5 cfm/ft2 of outside air for satisfactory laboratory ventilation.( 11 )  Our choice to use a minimum of 200 cfm per hood provides a safety factor of 2 in a laboratory having one hood per 200 ft2 of floor space. 
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	Table 2 - Effect of Safety Factors on Exhaust Flow Needed for a 5-hood System[image: image39]

	Parameter
	Design
	Realistic
	Comment

	[image: image40]

	p
	0.15
	0.025
	probability of active use

	Q close
	200 [cfm]
	100 [cfm]
	required for general ventilation

	Q open
	750 [cfm]
	600 [cfm]
	sash usually only partially open 

	m(0.99)
	3
	1
	max # in active use, P 5(r>m)<0.01

	Q minimum
	1000 [cfm]
	500 [cfm]
	exhaust flow with all 5 hoods closed

	Q average
	1412 [cfm]
	563 [cfm]
	diversity-based average exhaust flow 

	Q maximum
	2650 {cfm]
	1100 [cfm]
	maximum probable exhaust flow

	Q constant volume
	3750 [cfm]
	3750 [cfm]
	5 fully open hoods
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Table 2 shows how these safety factors affect the design capacity of our illustrative 5-hood system.  The designer chooses the first three parameters: the probability of active use, the flow when the sash is closed and the flow during active use.  The maximum probable number of hoods in use is calculated from equation (6), the minimum flow is 5 Q close , the average flow is calculated from equation (7), the maximum probable flow is calculated from equation (1) with the value of m from equation (6), and the constant volume flow is 5 Q open . 

Column 2 shows the design for the sample 5 hood system and column 3 contrasts with the likely operating load on that system by using realistic values of: p = 0.025 and Qclose = 100 cfm.  The system is designed for m = 3, but the realistic value is m = 1 from equation (6).  It is unlikely that 2 or more hoods will be in simultaneous active use: P 5(r1) > 0.994 and P 5(r > 1) < 0.006.   Clearly our choice of p = 0.15, resulting in a system with a design capacity to support 3 hoods simultaneously fully open has a comfortable safety margin. 

The goal in ventilation design is to properly size ductwork and fans.   It is clear that the recommended safety factors produced minimum, average and maximum flows comfortably above the realistic values in the third column.  Our design assumptions produce a maximum system capacity that is much larger than necessary to supply 99% of the expected instantaneous demand.  In light of this reality, we do not expect that a diversity-based system will face Hunter’s 1% probability of limited failure (meaning a series of very short temporary loads that exceed system capacity). 

Diversity Ratio Improves with Larger Systems
(more ganged hoods)
For a system with n hoods, we define the diversity ratio as maximum probable exhaust flow divided by maximum possible required exhaust flow (all hoods simultaneously open): Q mn / Q nn .  To compute the diversity ratio for a group of n hoods, use equation (6) to find m for the desired probability of limited failure.  Then use equation (1) to find needed system capacity. 
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FIGURE 1.
Diversity ratio improves as the number of hoods in a group increases,  illustrated at both 0.99 and 0.999 levels with design parameters of  p = 0.15, Qclose = 200 cfm, and Qopen = 750 cfm. 

The behavior of the diversity ratio is clearly portrayed in Figure 1.  There, the diversity ratio is plotted as a function of the number of ganged hoods with the probability of limited failure as a parameter.  We found m for 50%, 1% and 0.l% probability of limited failure.  The 50% line illustrates behavior of a system designed with a capacity equal to the median exhaust flow.  The 1% and 0.1% lines represent systems designed with peak flows large enough to handle transient exhaust flows at least 99% or 99.9% of the time, respectively. 

Two points are immediately obvious from Figure 1.  First, decreasing the probability of limited failure from 0.01 to 0.001 does not produce significant increases in the maximum system capacity.  Second, the minimum diversity ratio appears to be asymptotic to some minimum value as n increases indefinitely.   In fact, the diversity ratio asymptotically approaches a simple ratio depending only on parameters chosen during system design.  We evaluate it below at the 99% level for p = 0.15, Qopen = 750 cfm, and Qclosed = 200 cfm: 
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	(9)


To take the indicated limit, we used the property of the binomial distribution that its average value is (n)(p) and the additional notion that as n increases indefinitely, the 99th percentile converges to the average value.  We note that the limiting value of diversity ratio is identical to the ratio of the average system load to the maximum probable load. 

As a practical matter, the major benefits of diversity occur when the number of hoods in a functional group exceeds about 30.  This produces a two-fold reduction over the constant volume approach..  A three-fold reduction is impossible, no matter how many hoods are ganged.
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CONCLUSIONS
We have illustrated a design methodology which produces tremendous cost savings compared with traditional constant volume laboratory ventilation systems.  Accounting for typical diversity of use, one can design for the statistical requirements of as few as five hoods and produce meaningful savings.  Equipping five ganged hoods with variable air volume controllers and automatic sash closers reduces needed exhaust system capacity by 30% and saves over 60% of the energy of a 5-hood constant-volume system.  The savings are even larger when more than five hoods can be grouped by a designer, and approaches 60% capacity reduction and 80% energy savings when more than 30 hoods can be grouped. 

We encourage industrial hygienists to consider the health and safety benefits of increased automation in laboratory hoods and ventilation systems sufficiently compelling to adopt this design methodology.  The economic benefits are the means to finance the end we all desire: safer and more healthful workplaces. 
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	APPENDIX: List of Mathematical Symbols

	m = m(0.99)
	
	maximum number of hoods likely to be in active use at least 99% of the time; more than m are likely less than 1% of the time; m is the maximum probable value of r.

	
	
	

	n
	[image: image45]
	number of hoods considered as a group for exhaust design.

	
	
	

	p
	
	design probability that any of n identical hoods is in active use.

	
	
	

	pi
	
	probability that hood i of n hoods is in active use.
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	probability density function; probability that any r of n identical hoods are in active use.
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	cumulative (probability) distribution function; probability that m or fewer of n identical hoods are in active use.

	
	
	

	Q avg
	
	average flow, the basis for operating costs.

	
	
	

	Q close
	[image: image48]
	design exhaust flow through a closed hood to satisfy minimum room air change requirements. Room air enters hood by infiltration and through benchtop airfoils.

	
	
	

	Q open
	
	design exhaust flow through a fully opened hood; satisfies face velocity requirements.

	
	
	

	Q min
	
	design exhaust flow when all n hoods are fully closed.

	
	
	

	Q max = Qmn
	
	maximum probable flow when m of n hoods are in active use.

	
	
	

	Q rn
	
	exhaust flow when r of n hoods are in active use.

	
	
	

	Q mn = Q(0.99)
	
	99 percentile flow; at least 99% of the time, Q < Q(0.99).

	
	
	

	Q total
	
	design exhaust flow with all n hoods fully open.

	
	
	

	r
	
	number of hoods in active use at the instant of observation.


