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ABSTRACT
This paper illustrates both initial installation and ongoing operational benefits of designs that take advantage of statistical diversity of laboratory safety hood active use.   Hoods are typically in active use, with their sash open, less than 15% of the time.   The collective behavior of a group of variable air flow hoods is readily modeled as a random process.  Hoods designed for nearly constant face velocity, so that their exhaust flow is reduced when they are closed and increased when they are in active use, yield large economic benefits.  The average exhaust flow from a group of hoods is shown to be a small fraction of the maximum flow required when all hoods are simultaneously open.  More importantly, the maximum probable flow is a small fraction of the maximum flow, because there is a very small probability that all hoods will be simultaneously in active use.  This article offers a complete design analysis for a large laboratory and discusses the design trade offs that, taken together, can produce economical operation while enhancing safety and health.
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INTRODUCTION
This case study summarizes diversity analysis of ventilation in a large industrial laboratory that is about a dozen years old.  The laboratory was constructed as a constant volume system. The facilities were put in service prior to development of the design principles outlined in this article.  Experience with this system revealed its excess capacity and led to our gradual realization of the benefits of designing for the diversity of active hood use.  The lessons learned from this and four similar projects motivated the continuing development of the design rules we apply here and report in a companion articl.( 1 ) 

The subject laboratory has 24 separate exhaust systems, each with 36 ganged hoods on a common exhaust duct system served by a common exhaust fan.  To design for diversity, we consider both the exhaust air system through the hoods, and the supply air system, including that portion entering laboratory rooms from hallways.   The infiltration from the hallways is necessary to maintain negative pressure in the laboratory rooms relative to office areas.
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DESIGN PROCESS
The smallest functional unit of the laboratory is a 22' by 33' room having a total floor area of 726 sq. ft. (hereinafter sq. ft. = sf)  Figure 1 shows that each room has four identical laboratory hoods.  Air is supplied to the room from the corridor end with a goal of about 90% through the supply grills and 10% infiltration around doors into the corridor.  There is no recirculation of laboratory room air, it is all exhausted through the hoods.


As Built Design for the Laboratory Ventilation System
Nine rooms border each side of a single service corridor on each floor.  Three floors of rooms complete the design for each of four laboratory wings of the building.   Figure 2 illustrates a typical wing.  The laboratory rooms are in the center of each floor, flanked on either side by a personnel corridor and a row of offices.   For clarity, only one row of offices is shown.  Two exhaust fans and two primary exhaust ducts are used on each floor, one for each row of laboratory rooms.   There are 36 taps from each primary exhaust duct, one for each hood.  The primary exhaust duct is installed over the central service corridor and is 200 feet long.
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FIGURE 2. Air Distribution plan for a three-story, 54-room laboratory wing. 

Each row of laboratory rooms receives conditioned supply air from an air handling unit (AHU) in the basement.

The supply duct is installed over the personnel corridor.  No air is recirculated from laboratory rooms.  They are designed for once-through ventilation, and the supply air inlet grills have 90% of the hood exhaust capacity to insure negative pressure in each laboratory room.

Design Choices from Codes and Standards
The conceptual design goal here is to resize the ducts, the fans, and the supply air systems to match the probability distribution of required air flow.  This is done by making three choices:

1. select the minimum and maximum flow for each hood, 

2. pick the probability of active use, and 

3. choose the number of hoods to be considered as a group. 

The minimum exhaust flow through each hood depends on the minimum air flow for each laboratory room. Published guidelines place it between 0.5 and 1.1 cfm/sf.    ASHRAE 62-1989 recommends minimum outdoor air rates of 0.5 cfm/sq. ft for laboratory space.( 2 )  This controls fugitive emissions from the laboratory hoods.  ASHRAE GRP 158 recommends that laboratory space, interior to a building, with no significant heat generation equipment outside the hoods, receive about 1.1 cfm/sf flow of conditioned air to offset average internal heat gain.( 3 )  A conservative choice specifies a "once through" ventilation path in laboratory rooms.  The minimum exhaust flow is (1.1 cfm/sf)*(726 sf) » 800 cfm per room.

The next design choice is to select minimum and maximum exhaust flows for each hood.  With four hoods per room, the 800 cfm/room target exhaust flow establishes the minimum hood design flow at 200 cfm/hood.  The maximum hood flow occurs when the sash is fully open.  These hoods have 7.5 sf maximum openings, including the inlet foil at the bench surface, so 750 cfm flow will achieve the desired 100 fpm average linear face velocity with a fully-opened hood.( 4 )   We chose Qclose = 200 cfm and Qopen = 750 cfm.  Each main duct, servicing 9 rooms and 36 hoods, has the capacity to handle an exhaust flow 36·750 = 27,000 cfm with all hoods fully open.  In contrast, with all hoods closed, the diversity based system needs a capacity of only 36·200 = 7,200 cfm.  In practice, the real flow tends to be between these two extremes, as discussed below.

The final design choice is the probability of active use.   Following guidelines in our companion paper we assume 15% hood active use.( 1 )  This sets our design value for the probability of active use to p = 0.15. 

Diversity Statistics Allow Energy-Efficient Design
The diversity principle provides an efficient answer to the problem of grouping hoods and sizing system components.  Our solution derives from our design choices: a closed hood requires 200 cfm, an open hood requires 750 cfm, the probability that a hood is open at any random instant is p=0.15, and there are 36 hoods connected to each exhaust fan.  From these numbers, the exhaust system analysis is summarized in Table 1 for groups of 36 hoods.
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	TABLE 1
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	r
# hoods open; has probability
Pr36
	Q r
Exhaust Flow with r hoods open  in cfm
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pdf = P(r of 36 open)
	[image: image10.png]



cdf=P(r£m of 36)
	m
max # open; has probability P 36(r£m)
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	0
	7,200
	0.00288
	0.00288
	0

	1
	7,750
	0.01828
	0.02116
	1

	2
	8,300
	0.05646
	0.07762
	2

	3
	8,850
	0.11293
	0.19055
	3

	4
	9,400
	0.16441
	0.35496
	4

	5
	9,950
	0.18568
	0.54064
	5

	6
	10,500
	0.16930
	0.70994
	6

	7
	11,050
	0.12804
	0.83799
	7

	8
	11,600
	0.08191
	0.91990
	8

	9
	12,150
	0.04497
	0.96487
	9

	10
	12,700
	0.02143
	0.98629
	10

	11
	13,250
	0.00894
	0.99523
	11

	12
	13,800
	0.00329
	0.99852
	12

	13
	14,350
	0.00107
	0.99959
	13

	14
	14,900
	0.00031
	0.99990
	14
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Column 1 shows the number of hoods that are in active use and column 2 displays the corresponding total exhaust flow.  Column 3 gives the probability that r hoods are active, and r only, out of a total of 36 hoods. For example, the highest listed probability occurs for five hoods.  That means there is a probability of 0.186 that exactly five hoods will be found active at any randomly-selected moment during a shift.  Any other number of active hoods occurs with lower probability.  It is especially noteworthy that there is a very small probability for 14 or more hoods to be in active use.

The fourth column of Table 1 is the cumulative sum of probabilities in the third column.  The fifth column indicates the maximum number of hoods open for the proportion of time listed in column 4.  These numbers represent the probability that, at any moment of observation, m or fewer hoods are active out of 36 hoods served by the common exhaust duct.  For example, there is a 54.1% probability that between 0 and 5 of 36 hoods will be found active at any instant.  More importantly, the smallest value of m which includes at least 99% of all observations is m = 11.   The maximum probable exhaust flow for this group of 36 hoods is [image: image14.png]


= 13,250 [cfm].

Sizing the Exhaust Fan and the Exhaust Duct
It is clear that the main exhaust duct and fan need to be sized to handle a maximum flow of 13,250 [cfm].  As Dr. Roy Hunter presented in his work at the National Bureau of Standards, we are designing to a probability of limited failure of P 36(r>11)<0.01.( 5 )
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	TABLE 2
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	n
	m (0.99)
	Q(0.99) = Qmn
[cfm]
	Qnn
[cfm]
	Qmn / Qmm
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	4
	3
	2,450
	3,000
	0.817

	8
	4
	3,800
	6,000
	0.633

	12
	5
	5,150
	9,000
	0.572

	16
	6
	6,500
	12,000
	0.542

	20
	7
	7,850
	15,000
	0.523

	24
	8
	9,200
	18,000
	0.511

	28
	9
	10,550
	21,000
	0.502

	32
	10
	11,900
	24,000
	0.496

	36
	11
	13,250
	27,000
	0.491

	72
	18
	24,300
	54,000
	0.456

	108
	25
	35,350
	81,000
	0.436

	216
	45
	67,950
	162,000
	0.419

	864
	155
	258,050
	648,000
	0.398 
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m(0.99) is the smallest m of n hoods in a group such that P n( r £ m) > 0.99 

We can also apply diversity to tapering the size of the trunk duct along the corridor by determining the maximum probable number of hoods exhausted through each trunk section.  This is illustrated in Table 2 and discussed below.

In all cases, the runouts from individual hoods to the trunk duct would be sized for 750 cfm.  Moreover, progressing from the most remote section of the duct toward the fan, calculations indicate that at the 15% active use level, less than three of four hoods are likely to be in simultaneous use in the first cluster, given a probability of "limited failure" not to exceed 1%.  The first section of duct should be sized to handle a flow [image: image29.png]


=2,450 cfm. For the next duct section, no more than 4 of 8 taps serving the two most remote clusters would be likely to be in active use together.  The design flow for this section is then: [image: image30.png]


= 3,800 cfm; 5 of 12 would be in use in the next section, with a flow of [image: image31.png]


= 5,150 cfm, and so forth.  With this criteria, the calculated flow in each section of the main exhaust duct is illustrated under the heading labeled " Q(0.99) = [image: image32.png]


" in Table 2. 

The diameter of the main exhaust duct for 36 hoods is computed on the basis that the maximum desired flow rate is 4,000 fpm.  The diversity-based duct has a maximum diameter of 26 inches to handle 13,250 cfm, while the constant volume design has a maximum diameter of 36 inches to handle 27,000 cfm.  The diversity-based design requires about 400 square feet of sheet metal, while the constant volume design requires more than 825 square feet.  Clearly, designing for diversity produces savings by reducing duct materials cost, size of the exhaust fan and the necessary size of the utility space between floors. 

Sizing the Supply Air System
While the above analysis has been applied to an exhaust system, it also impacts supply side design considerations.  The conditioned air flowing into a laboratory room equals exhaust flow through hoods serving it, with 10% infiltrating from corridors and the rest through the supplied air diffusers.  As illustrated by AHU #1 in Figure 2, the basis for sizing supplied air system components without diversity was 27,000 cfm for all hoods at full operation.  If we apply the concept of limited failure at the 1% level to the supply air distribution system, we expect no more than 11 hoods actively used at a time and the maximum air handler flow would be 13,250 cfm.

The diversity ratio for nine rooms with four hoods each is 13,250/27,000 = 0.491. The maximum expected load on the duct supplying laboratory rooms on one side of the corridor is 49.1% of its installed capacity. Conceptually, there is no need to restrict the supply flow to one side of the service hallway on one floor.  We might supply an entire floor at one time, involving 72 hoods.  Table 2 shows that 99% of the time, 18 or fewer hoods per floor will be in active use.  These 72 hoods produce a diversity ratio of 0.456, an 8% reduction from the 0.491 achieved with 36 hoods.   With all mechanical equipment housed in the basement, it is feasible to supply 3 floors totaling 108 hoods on one side of the service hallway with a diversity factor of 0.436.  Better, a single air handler per wing would supply 216 hoods, and one for the entire building would supply 864 hoods.  If the chiller is located in the building core, it could supply all four wings (864 hoods) with a design diversity ratio of 0.398.   By grouping all available hoods into a single pool, the necessary capacity of the supplied air system is only 39.8% of the installed capacity.
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DISCUSSION
The design process illustrated above shows that the peak ventilation load was really no more than 40% of the installed capacity.  This does not complete the design of the central plant.  Three other factors are important to a successful design: minimum load, average load and system reliability.

The probable minimum load can be computed as easily as the probable maximum load.  First, find m(0.01), the largest value of m for which P 36(r£m) £ 0.01.  Then find the system demand Q(0.01) = [image: image33.png]


at the 1% level.  This is the demand that occurs no more than 1% of the time.  Figure 3 demonstrates the probability that various proportions of hoods will be in active use as a function of the number of hoods in a group.  This clearly shows the relative behavior of the 1% and the 99% points in both tails.  As n increases, both m(0.01) and m(0.99) asymptotically approach the average hood use rate, p. 
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FIGURE 3. Diversity-based probability density for various numbers of hoods.  This chart is drawn for the natural grouping that are possible in one wing of the subject laboratory.  Under the assumptions of this design example, a hood is either fully open or it is closed.  Thus, the probability density function is a discrete histogram, illustrated clearly for n = 36, 72, and 108 hoods.  For n = 216, the discrete points run together and the probability density function appears to be a continuous function.
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	TABLE 3
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	n
	Q(0.01)
[cfm]
	Qavg
[cfm]
	Q(0.99)
[cfm]
	Qmax = n·750
[cfm]
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	4
	800
	1,130
	2,450
	3,000

	8
	1,600
	2,260
	3,800
	6,000

	12
	2,400
	3,390
	5,150
	9,000

	16
	3,200
	4,520
	6,500
	12,000

	20
	4,000
	5,650
	9,200
	15,000

	24
	4,800
	6,780
	7,850
	18,000

	28
	5,600
	7,910
	10,550
	21,000

	32
	6,400
	9,040
	11,900
	24,000

	36
	7,200
	10,170
	13,250
	27,000

	72
	16,050
	20,340
	24,300
	54,000

	108
	25,450
	30,510
	35,350
	81,000

	216
	54,200
	61,020
	67,950
	162,000

	864
	230,550
	244,080
	258,050
	648,000

	[image: image48]


Q avg = Q close +p ( Q open - Q close ) 

The average load is independent of the number of hoods in a group.   It depends solely on design parameters: p = the probability of active use, Q close = the hood exhaust flow with the sash closed and Q open = the hood exhaust flow during active use.( 1 )  Table 3 shows the 1%, the average and the 99% flows for various possible groups of hoods ranging from n=4 to n=864.  Figure 4 illustrates the diversity of flow for these same groupings.  It summarizes more data and plots a broader range of group sizes than is possible with the format of Figure 3.
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FIGURE 4. Flow diversity as a function of the number of hoods in a group.  Q(0.99) is that flow that is exceeded less than 1 percent of the time, and is treated as the maximum probable flow.  Q(avg) is the time-weighted average flow.  Q(0.01) is that flow that is exceeded less than 99 percent of the time and is treated as minimum probable flow.
In Figure 4 it is clear that as the number of hoods in a group increases, both the maximum probable flow and the minimum probable flow converge to the average flow.  This means that a designer can choose not only the maximum capacity for a system, but also the turn-down ratio for the chiller and air moving equipment.   With a group of 4 hoods, the expected flows range from 800 to 2,450 cfm, a turn-down ratio in excess of 1 to 3. With a group of 864 hoods, the expected flows range from 258,050 to 244,080 cfm, a turn-down ratio of only 1 to 1.06.  From an energy conservation perspective, the design choice is simple.  Maximize the number of hoods in a group to minimize both the maximum required capacity and the turn-down ratio required for air moving and air conditioning equipment. 

Other design considerations may temper this simple conclusion.   The complexity of ductwork increases dramatically as larger numbers of hoods are considered as a group.  The reliability of a system may suffer if the entire building depends on only one chiller or one air mover.  By splitting the cooling load among n chillers, and making provision for cross-feeding between subsystems, a failure of 1 reduces available chilling capacity by only 1/n.  In contrast, designing for a single chiller produces a system such that a failure stops all service until it is repaired. 

As designed, the building had 24 exhaust systems, each serving 36 hoods with a capacity for 27,000 cfm. Had the system been designed with diversity principles, each system would have been sized for 13,250 cfm. Had diversity been applied to taper the supply and exhaust ducts there would have been a reduction in material cost, as the average duct size would have been reduced.  From Table 3, such a system would operate at an average flow of 10,250 cfm and with instantaneous flows ranging from 7,200 to 13,250 cfm, a dynamic range of 1.84.  The entire building would have a peak capacity of 24 * 13,250 = 318,000 cfm.

Maximal application of diversity would produce a single supply air system for 864 hoods.  As evident from Table 3, the central HVAC average load would be 244,080 cfm, and the dynamic range would be 1.06, ranging from a minimum flow of 230,550 cfm to a maximum flow of 258,050 cfm.  This design does increase the complexity of ductwork and reduces the reliability of the ventilation system.  A more satisfactory design would likely use slightly smaller groups of hoods, and operate with the consequent higher diversity ratios and dynamic ranges in order to provide some redundancy in air movers and in heating and chilling units.
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CONCLUSION
We have illustrated the benefits of accommodating the diversity of use among laboratory safety hoods in a large laboratory building.  Comparing a constant volume design with a design for diversity, we find that the ventilation system capacity can be reduced by over 60% and its energy consumption decreased by over 70%. These reductions occur only if the sash of each hood is closed at all times except when it is in active use. Therefore, the wise designer will specify an automatic sash closer on each hood.  In addition, tracking exhaust and supply air flow controllers, to insure safety and health in the laboratory environment.  The installed cost of a diversity based system is lower than the installed cost of a constant volume hood exhaust system due to reductions in central HVAC system capacity.  The operating cost reductions are sufficient to capitalize retrofit hood automation in existing facilities. 
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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
	
	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
	
	design exhaust flow through a fully closed hood for infiltration and benchtop airfoils; satisfies minimum room air change requirements.

	
	
	

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

	
	
	

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

	
	
	

	[image: image52.png]



	
	exhaust flow when r of n hoods are in active use.
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= Q(0.99)
	
	99 percentile flow; at least 99% of the time, Q < Q(0.99) .

	
	
	

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


