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ABSTRACT

A three-dimensional computational fluid dynamics
(CFD) analysis has been used to predict airflow patterns in
laboratory fume hoods. The simulation includes bypass fume
hood primary operational features including the top and
bottom bypasses, front airfoils, and rear-slotted baffles. All
results were validated experimentally, and the simulation was
found to adequately predict fume hood airflow patterns. The
results indicate that fume hood flow patterns are highly depen-
dent on inlet flow boundary conditions so that the computation
must include the near field room airflow. Additionally, the
study included the effects on the fume hood airflow of sash
height changes, an operator positioned outside the fume hood,
and equipment within the main fume hood chamber. It was
shown that for conditions of a fully open sash height, a person
in front of the fume hood, and an object inside the fume hood,
the fume hood experiences a loss of containment of the flow.

INTRODUCTION

The laboratory fume hood is a safety device used in
research, analytical, teaching, and other laboratories. It
provides a location at which to work on toxic substances with
reduced risk to users. The fume hood basically provides an
exhausted enclosure, operating at a negative pressure relative
to the room, which vents air away from the user and the labo-
ratory. There are several types of fume hoods including
constant volume, variable volume, bypass, restricted bypass,
and auxiliary air fume hoods. There are also several styles
including bench, distillation, and walk-in, and the fume hoods
may have a horizontal sash, vertical sash, or a combination.

This paper discusses the computational modeling of

three-dimensional fume hood airflow velocity and patterns.
The model in this study simulates a bypass-type bench fume

Robert Reither

hood with a vertical sash, as shown schematically in Figure 1.
Major features of the fume hood are a top-mounted exhaust
duct, top bypass supply, fixed bottom bypass under the airfoil,
variable-height vertical sash, back baffles, and front airfoils,
all of which have been incorporated into this study.

Air enters the main fume hood chamber through one of
three locations: sash opening, top bypass, and the bottom
bypass formed by the bottom airfoil. The purpose of the top
bypass is to maintain a constant volume of air entering the
fume hood, regardless of the sash height. A constant-speed fan
located above the fume hood exhaust keeps air exiting the
fume hood at a constant volumetric rate. The back baffles are
positioned such that air is exhausted directly from the work
surface as well as the top and center of the main fume hood
chamber. The front airfoils reduce the amount of turbulence
and eddy motion entering the fume hood. In addition, the
bottom airfoil is extended beyond the vertical plain of the sash
to provide a direct flow (also called floor sweep) across the
bottom of the fume hood main chamber.

At present, fume hoods are designed empirically and
tested experimentally. Literature, as reviewed by Pathanjali
and Rahman (1996), further indicate that at present only a
small number of fume hood studies have been numerical. The
study performed by Pathanjali and Rahman (1996) used
numerical analysis to study flow patterns inside a simple
three-dimensional model of an empty fume hood without back
baffles and airfoils. Their study reviewed airflow patterns for
different sash heights of fume hoods. Durst and Pereira (1991)
performed a numerical analysis of an empty two-dimensional
fume hood model, which included a back baffle, to support
their experimental results. Durst and Pereira studied contain-
ment capabilities of fume hoods at selected sash openings.
Chang (1994) experimentally studied the velocity profiles
around manikins placed in front of the fume hood. Inclusion
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Figure 1 Fume hood features and associated computational grid.""

of the airfoils, Dypasscs and angled slotted bafflesin lhlsstudy
furthers the previous ‘numerical sludies (Pathanjali ‘and
Rahman 1996; Durst and Pereira 1991) performed on [ume
hoods. The inclusion of theé person ard object in the fume hood
chamber provides a numenca] study comparlson to Chang's
(1994) cxpeumen(al work.
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COMPUTATIONAL MODEL

A turbulent finite diftérence model was uséd for the simu-
lation (Kurabuchi et al. 1989). THe e6mputational model uses
a standard two-equation k- model with buoyancy terms
included. The k-¢'model was selected betause it is relatively
stable and computationally efficient compared ‘with the more
complicated Reynolds stress models and is applicable to a
wide range of turbulent flows (Neilsen 1998). There are seven
nondimensional'equations used by the- model: two vector

partial differential equations (continuity, “momentum), (wo

scalar differential equations (turbulence kinetic.cnergy, dissi-
pation rate of turbuleiice energy), and pne argebrmc relation-
ship for turbulent viscosity.
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Dissipation Rate of Turbulence Energy:
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”I here are lalso seven requlred empmcal constants deter-
mmed from cox;relatlons of experimenta] data (Launder and
Spalding 1974). The constants ate shown inTable 1., .1

. To §olve the system of nonlinear partial-differentiél equa--
tions, the codg.uses ap explicit time marching-algorithin, pres+
sure relaxation method, and a central or upwind diffeféricing:.
scheme. (Kurabuchi et, al. 1989). A.marker and ¢ell. method is
used for the staggered,grid.,Velocity components are defined
at the center.of their normal cell faces and the scalar variables
(pressure, temperature, turbulgnce kinetic eénergy, and-dissi-
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TABLE 1

K-€ Constants for Use in the Fume Hood Simulation '

K-€ Constant , " Value
s L 009
o 1.44

C, ,. 1.92

c, B 10

o, C1e

Op 1.3

S _v 09

pation rate of turbulence energy) are defined at the center of
the cell.

The wall boundary condition for the momentum bound-
ary layer used by the code is based upon the power law
assumption of the velocity profile. In general, the f&al cell next
to the wallis assumed to lie in the power law profile region and
the dummy cell in the wallis set to a constant fraction (0.714)
of the real cell at the beginning of each iteration. k and € are
assumed to have zero gradient at the wall. A detailed descrip-
tion of these boundary conditions can be found in Knapmiller
and Kirkpatrick (1994).

On two of the fume hood configurations to be discussed
later, a contaminant dispersion study was performed using a
turbulent contamination diffusion model (Kurabuchi et al.
1989). The converged flow field output file from the flow field
calculation is used as input for computing the contaminant
dispersion since the velocity field is independent of the
concentration field. The following equation for the conserva-
tion of contaminant species is solved:

§
.. o

2 o _ g, e
ij = [(D + Gc) ax].] +5
: {

TWO- DIMENSIONAL COMPUTATIONAL DOMAIN

AND INLET BOUNDARY CONDITIONS

Ina laboratory fume hood one of the major flow struc-
tures in the fume heod is the large vortex behind (dewnstream
of) the sash (Sanders 1993). An acceptable CFD mode! of a
fume hood should be able to approximate the size, shape, and
direction of this large vortex at a minimum. In order to achieve
this, appropriate boundary conditions must be applied to the
fume hoot simulation. It should be emphasized that at present,
an-acceplable CED fume hood medel is limited by the facl (hat
il calculates a lime-averaged solution at a point in time (hatis
static. The airflow inside:a fume'hood: is turbulent and

unsteady in'nature and:as such canqot bef ully characterlzed by

any CFD models at this time.. : :

A two-dimensional versign of ihe [u}ne llood sim ulaubni

was used te. investigate the mqunred boundary. ¢enditions for
flow entering: the fume hood. The;grid (63 -k ditection; 47 -

y. direction) used is stown in Figute 1. The grid contains:

TQ:98-15-2 (RP-848)

objects (impenetrable barriers as seen by the-fume hood simu-
lslion) to represent the structure of the fume hood: sash, top
and bottom front airfoils, lower, middle, and top back baffles.
In the model, as in the actual fume hood, flow can enter the
fume hood in one of three ways: the main inlet (in front of the
saslr), top bypass supply, and bgitom bypass. Also, as in the
actual fume hood, flow can exit thé main fume hood chamber
through the top, middle, 6‘r.b_qttom slot exhausts and exits the
fume hood only through the rectangular exhaust (upper right
of Figure 1) at the very fop of the fume hood.

" To validate the two-dimensignal computgtional work and
provide actual inlet boundary conditions to the calculations,
experimental measurements of the inlet and exit flows were
made on a commiercially available laboratory fume hood. The
1abora10ry fume hood has a vertical sash with an air bypass
system to maintain a relatively constant exhaust velocity. It has
dimensions of approximately 54 in. x 72 in. x 36 in. (1.37 m x
1.83 m x 0.91 m); without the cabinet (or bench) it is set on.
The experimental measurements of theairspeed were made at
the three fume hood air entrances in the horizontal planes of
the top bypass supply and bottom’bypass and in thé vertical
plane of the sash in the fume hood sash opening. Each entrance
was divided into equal rectangular grids, and measurements
were taken at the center of each grid and averaged over time
in concurrence with ANSI/ASHRAE Standard 110 (1995). For
each entrance, the measurements at each grid pomt were aver-
aged together to fmd an average airspeed for that entrance at
a selected sash helght Asan example,.expenmental average
face velocrty measurements for the: fume hood sash opeping
are listed in Table 2. These average ajrspeeds were used: as
input to the initial two-dimensional fume hood simulations.

TABLE2 -~ - '
Experimental.Face Velocity Measurements /,
at Selected Sash Heights’ i

Sash I{eight. Experimental Face Velocity
~dn , + fpm
55 . t 1266
n o 206
18 (Working Height) - V 156+
egd * [ s 130
30.25 (Fully Open) 95 ]

The simplest inlet boundary conditions for the fume hood
simulation are one of uniform flow at the three entrances (top
bypass, bottom bypass, and sash opening) to the fume hood. At
each entrance, the experimentally measured airspeed was
input as a uniform flow to the fume hood simulation. The
results of this boundary condition are shown in Figure 2. For
these boundary conditions, a large counterclockwise vertex is
formed near the'back baffles and a smaller clockwise vortex is
formed behind (downstream of) the top of the sash. This flow
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Figure 2 Uniform flow baundary conditions.
e
structure contradlcts the expected pattem from the experimen-
tal results, which is a large vortex starting at the bottom of the
sash rotating counterclockwise. .

As can be seen in Figure 2, flow entering the top-of the
fume hood inletiis quickly turned downward tdwards the sash
opening. This causes the air entering at the top of the:sash
opening to.rhave a downward angle ;to it. Smoke ‘tests
performed on an actual.fume hood-shoewed flow entering hori-
zontally throughout.the sash epening. This in addition to the
out- of-place -and-size vortices leads to the conclusion that the
uniform flow boundary condition produces,lncotrect results.

‘' The computation shows it is necessary to have the actual
inlet velocities, at the appropriate angles, as.boundary condi-
tions to the fume hood model. To accomplish this, a room
approximately 8 ft high.by two fume hood depths (~ 58 in.,
1.48 m) was added to the fume hood model. The u and v veloc-
ities were then extracted froma completed compytation of the
room and fume hood flow at the grids, just outside the fume
hood sash. opening, top bypass, and bottom bypass. These
velocities at each of the three entrances were then uscq as
boundary conditions tg,the fume hood model.

Theresults are shown in Figure 3. It is emphasized that the
grids used for the simulations in Figures 2 and 3 are exactly the
same. ;The-input files are.also exactly the same except for the
flow boundary conditions at.the injet, top bypass, and bottom
bypass. Now, at each of the entrances, 4 and v.velocities are
applied. As desired, thereg is a large counferglockwise vortex at
the bottom of the sash. In additign, there is only a slight dpwn-

ward angle to flow entering the sash openipg a, lhc top and the
flow appears to enter horizontally for the most part thrqughout
the sash opemng It should be noted that this vectored JInput
was applied to the top and bouom bypasses as well as the inle.

Figure, 4. shows the ﬂqw structure predlcu,d by, the
computation mc_ludmg the room ang fumne hood. In this medel,
a uniform flow boundary condition is applied at: the rgom

b |
e SR |

boundary condition

Inlet =~ ™
‘vectorad" flow
boundary condition

2/
/
/ * \ boﬂt\),m bypass supply
yboundnry cundltlon

Flgure 3 Vectored ﬂow boundnry condmons

entrance. The magnitude of the velacity requn‘ed is obtamed
with a mass balance. The velocity of the airflow entering the.
room was calculated by adding the mass flow rates at the inlet,
bettombypass, and top bypass, and dividing by the room fron-
ta] area. Velocities at the fume hood entrances are an output
from the fume hood simulation. As expected; the flow,strue;
ture inside the fyme hood is the same as that given by the fumc
hood1 model.with vectored, input. b

...Thus, th;; two-dimensiQnal (.omputallons show (hal A
room and bypass fume hood should be modeled togcthp; with
the uniform velocity input at the far ficld of the room, not at
the, fume hood enlrgnces.

S AR VAU

A

uniform eirflow

rgom entrmnce
boundary
conion

g X% G0 vmnd 95 atly frﬂ’.’ ""'"’l'_; ‘b
Figure 4 Room and fume lood airflow patterns..,
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TH REE-DIM,ENSIONAL COMPUTATIONAL MODEL

Theairflow ina fumehoodis three-dimensional due to the
finite width of the main chamber, the airfoils, and the presence
of a person and object in front of and inside the fume hood,
respectively. The three-dithensiona! computational grid used
to model the room and the laboratory fume hood is shown in
Figure 5. The model has a room containing the fume hood rest-
ing on a cabinet, a rectilinear person standing on the floor in
front‘of the fume hood, and an objéct inside the fume hood. In
dddition, the modél “contains a variable height sash, top,
bot(oin, and side #irfoils; top, middle, and bottom baffles; and
a rectangular exhaust. The rectangular-exhaust approximates
th_e round collar in the actual fame hood: The furie hood
dimensionally is ds clese as possible to an actual laboratory
fume hood. The person and object size are as $pecified in
ANSI/ASHRAE Standard 110 (1995). The room is approxi-
mately 109.5 in. (2.78 m) high, a half width of the fume hood
wide (36 in., 0.91 m), arid thrée fume hood interior depths
long (83.5 in., 2.12 m). Two sash heights were studied, 18 in.
(0.46 m) and 30.25 ijn,. (0.:?7 m). These were selected as a
nominal workingheight(18 if., 0.46 m) and a fully open posi-
tion (30.25 in., 0.”7'7 m). The three slot exhausts heights were
fixed for all computations at’0.75 in. (0.01.m) top, 1.0 in.
(0.03 m) middle, and 3.375 in.;(0.09 m) bottom. Three fume
hood depths were, selected for -the room length because- at
approximately 2.5 fume-:-hood depths, the room. airflow
streamlines start. to curve..Figures 6 and 9, which will be
described later, demonstrate. this..

As seen in‘Figure 5,-the room, fume hood, person, and
ob]ect are split down the center to take advantage of symmetry.
Boundary conditions to start the simulation are as follows. Air
flows into the room, on the xz.plane at the front of the room,
as a.uniform-flow. This:room .inlet-air is: given an nitial -y-
velocity, turbulence energy, and a turbulence dissipation r'lte
The nondimensional turbulence encrgy of the room inlet air'is

T0-:98:15-2 (RP-848)

Figure 6 Working sash height (18 in, 0.46 m) atrﬂow
pattern computattonal results.

0.005, and the nondimensional turbulence dissipation rate is
0:00125; both values are typical of room air motion computa-
tions (Kurabuchi et al. 198%). The nondimensional turbulence
energy corresponds to a turbuilent intensity of 5.8%. The room
exhaust is through thé rectangular exhaust at the top of the
fumie hood, where only (he pressure is spécified and the veloc-
ity is compuied by the model. Power-law wall boundary
conditions are specified on the ceiling and fiaor of the foom as
well as on the back surface of the fume hood. All other
surfaces, including those of the fume hood, the person, and the
object, have a zero nonmal veloolty boundary condltlon with
no shear. U : i

Grid development of a fume hood model proved io be a
very challenging problem. The actual fume hood contains
three very thinaidfoils, all at different an’gles, as well as d very
thin top binﬂe ‘at yet another angle. All these angled surfaces
ate modeled ‘as staifcases with an'infinitely thin surface
between adjacent’ cells,’ Which have zero normal ‘velodity.
There are also three differeritly sized flow entrances, each
having their own direction, and four exhausts of different sizes
in two different directions. The ‘grid contains 69,207 non-
uniform cells (59 - x direction,51 - ydlrectlon 23-2 direction)
optimized by siz&, 1ocation, and nunber of cells'to include all
of the above features, as well as the persoi, object; and vari-
able height sash in the same grid. This allowed configuration
chariges by changing boundary condilions without having to
perfornt a time consuming grid msuucturmg process. The
neminal compulation time is 22 hours on'a 200 MHz Pentium
Pro desktop BE

A prid sensitivity stud y was performed on a two-dimen-
siorral model of the room and fume hood in Figure 5. The x-y
pIane of symmetry was used as the two- dimensional compu-
tational domain. A two-dimensional sensitivity study was



used for gimplicity. and reduced computation time since the
aforementioned two-dimensional results: in the previous
section agreed well with the experiment. The baseline grid of
cells with 59-x direction and 51-y dircction was compared
with a grid of double the size (all cells were spm in half) with
115-x direction and 99—y direction. In each coordinale direc-
tion, the grid contains three dummy cells that were not splitin
half. Streamline plots and mass balances were compared for
cach grid. The streamline plots were almost Jidentical and
differences were only discernable by supenmpoung the two
plots. The mass balances were identical for the three incoming
flows (sash opening, top bypass, bottom bypass), and there
was only a 1% difference in the sldt exhaust: flows (top,
middle, and bottom).  With these small chianges, the baseline
grid was deemed adequate for the computations.

The convergence of the model was judged by tracking the
volumeltric root mean square of the residual of the momentum
equation.’ A solution was considered to 'be converged if the
first two significant figures of volumetric root mean square
momentum résidual did not change for approximately 100
iterations (Kurabachi et al. 1990). This occurred in the 26,000

to 29,000 iterations range for most of the computations ’
performed. As an example, the value'of the volumetric root:

mean square momentum residual was 0.00028 for the empty
room and fume hood set at the working height (18 in., 0.46 m).

EMPTY FUME HOOD COMPUTATION
AND MODEL VALIDATION "'~

1 To validate the computations at each sash height, a smoke
test:and .a mass balance: were performed on an empty fume
hood. As described earlier in the inlet 2ir bouridary condition

studies, airflow velocities were measured at selected points in:

concurrence with ANSI(ASHRAE_Standard 110 (1995), in the

'

D
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Fzgure 7 Working msh height (18 in., 0.46 ‘m). airflow
puatter I, smalxe 18.5! vesults
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~ BACK TO PA

sash opening, top bypass, bottom bypass, top slot exhaust,
middle slot exhaust, and bottom slot exhaust. These measured
velocities were averaged to find an average velocity for each
of the six flow channels. Fhe mass flow is then calculated from
the product of the average velocny and its associated area for
each of the aforementioned six flow channels, :

InFigure 6, the computational results of the 18 in. (0.46 m)
dash height are shown. Figure 6 represents a vertical slice*
through the room and fume hood taken at the plane of symme-
try. As can be seen, the flow enters the room from the left and
enters the fume hood at any of the three entrances; sash open-
ing, lop bypass, or bottom bypass. The flow then exits the main:
fume hood chamber through the top, middle, or bottom slot
exhausts. Flow exits the room through the exhaust at the top -
of the fume hood. As mentioned above, the main flow struc-
ture expected is a large, counterclockwise vortex behind
(downstrecam of) the hottom of the sash Wthh the computa-
tion is able to produce.

Figure 7 shows the smoke test for the 18 in. (0.46 m) sash
height. All smoke test results are hand-drawn two-dimen-
sional representations of what was viewed in the fume hood.
It should benoted that these smoke test results show the time
averaged flow patterns. The smoke traces exhibited unsteady
characteristics during the tests. As predicted by‘the simulation,
there is a large counterclockwise vortex behind (downstream
of) the bottom of the sash. The only discrepancy is that the
vortex in Figure 7 smoothly follows the back baffles almost to
the top of the top baffle in the fume hood main chamber, where
as the vortex in Flgure 6 breaks off at the middle of the top
baffle in the fume hood main chamber. This is most likely due -
to the top baffle being’ represented by a staircase instead of
smooth angled surface. . -

A mass balance comphrison for the 18 in. (0.46 m) sash
height is shown in'Table 3. For each flow channel, the volume

“ant hrily i

F;gure«? Fully opén sash height (30. 25 m 077 m)
airflow pattern, computational ,results

A
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~TABLE 3
18 in. (Working Height) Sash Height Mass Balance

Experimental | Computational
Flow Flow
Flow Channel % %
Inlet Inlet 90 92
Flow ¥ ;
Top Bypass 4 4
Bottom Bypass | - 6 . 4
Exhaust | Top Exhaust 23 24
Fl T T
i Middle Exhaust 29 17
Bottom ; 48 .59,
Exhaust
‘TABLE 4 h i
30.25 in. (Fully Open) Sash Height Mass Balance
Experimental | Computational
i Flow Flow
Flow Channel % ‘ %
Inlet Inlet 93, 95
flow, Top Bypass 2 & 2
Bottom Bypass 5 "3
Exh‘iaust Top Exhaust 24 » 25
Fl
% |Middle Exhaust 28 19,
Bottom ‘ 48 56

Exhtiust

flow percentage is compared experimentally @and computa-
tionally. As .shown in Table 3, the fume hood entrances
compare very well with the experimental values.(within 3%).
Attheexhausts, the top slot exhaust compares favorably while
the middle and bottom slot exhausts are off by approximately
11% to 12%. This was deemed as acceptable based upon the
close resemblance of the simulated flow structure to the smoke
test flow structure. Future model changes may be made to
improve the perf()rmarice, including addirig friction to the
back baffles and the fume hood cabinet surfaces.

Figure 8 displays the computational results forthe 30.25 in.
(0.77 m) sash height. Again we see flow entering the three
fume hood entrances and exiting the three exhausts. As before,
there is a large counterclockwise vortex behind (downstream
of) the bottom of the sash. Comparison of the computational
results with the smoke lest results of Figure 9 is again favor-
able. The smoke test. (Flgure 9) shows a larger vortex behind
(downstream of) the sash with the smooth flow along the top
baffle, in comparison to the computational results.(Figure 8)
where the vortex breaks off the top baffle just before the top.

A mass balance was also performed for this sash height
(30.25 in., 077 m), as shown in Table4 Similar to the 18 in.
(0.46 m): sash height. mass balance ‘there are favorable
comparisons at the three entrances and' the: top slot exhaust.

TO-98-15-2 (RP-848)

The model again:deviates from experiment at the middle and
bottom slot exhausts (by approxnmately 8% to 11%).

These two sash height computations, when compared to
accompanying smaoke tests and mass balances, indicate that
the main features of the actual three-dimensional fume hood
airflow can be replicated with CFD analysxs. '

I S

EFFECTS OF A PERSON AND OBJECT
ON FUME HOOD PERFORMANCE &

As shown in Flgure 5 the model was configured to be:
more realistic by including a person standing in front of the:
fume hood and an object inside the fume hood. With these addi-
tions to the model, the same two sash height cases were stud-
ied, working height (18 in., 0.46 m) and fully open (30.25-in.,
0.77 m). For model validation purposes, smoke iests were
performed onboth test cases. No mass balance was performed.

Figures 10 and 11 display.the computatlonal results for
the case of the.sash height set at 18 in. (0.46 m), a person in
front of the fume hood, and an ob]ect placed in the main fume
hood chamber at a distance of 6 in. (0.15 m) behind the sash
and 1.5 in. (0.04 m) above the cabinet. Figure 10 and subse-
quent similar figures show a vertical plane cut at the plane of
symmetry of the model. This vertical plane cuts through the
space between the person’s legs indicating the flow passes
between the person’s legs and up into the fume hood. The
dashed lines below the person represent the location of the
person’s legs in another vertical plane and are there for refer-
ence only. Figure 11 and subsequent similar figures represent
a horizontal slice through the room and fume hood. The hori-
zontal slice is located such that for a fully open sash (30.25 in.),
the horizontal planeis,at the center height of.the sash opening.
This location is approximately. chest level on the person and

|
|

i ;
=
b

=

Figure 9 Fully open sash height (30.25 in., 0.77 m)
airflow pattern, snioke test results. '
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Section A

Figure 10 Working sash height (18 in, 0.46 m), vertical slice, person object at 6 in. ( 0. 15 m), computational results

one-third the way down from the top of the object. Other than
the inclusion of the person and object in this model, the
computational grid and inlet boundary conditions are identical
to the aforementloned models.

- As shgwn in Flgure 10, a vorlex appeqrs behmd (down-
stream of) the sash, although, smaller in size compared to the
empty room and fume hood of Flgure 6 Addltlonally, adding
a person to the model generates a small clockwise vorlex
behind (downstrcam of) the person al approxjmately waist
level. Details of this small vortex are shown in Section A of,
Figure 10. The vortex is generated by flow over the top of the,
person and down its body, as well as the flow coming up
between the person’s legs and moving up it body. The'other
lmcresung flow patternison lop of and directly behind (down-
stream of) the object. The airflow does not shoot over the top,

. &5 v el gy

'

W, I
butmstead flows backward from the bottom baffle towards the
object. Directly behind (downstream of) the object, approxi-
mately one third of the flow goes up and mixes into theivortex
behind (downstream of) the sash and the remaining two-thirds
moves.down the object and exits through the bottom slot
exhaust. Lastly, even with the person and object in the model;
the computation predicts that containment is maintained by
the fume hood, i.e., there is no reverse flow out of the fume
hood entrance. Co

~ Of interest in the horizontal slice of Figure 11 is a small
vortex appearing downstream in the Iee of the person and a
large vortex appearing just ‘downstream of the object.. The
voriex just downstream of the person is gcncraled from the flow
around the sides of the person. With the sash down at 18 in.
(0.46 m), most of the flow entering the hood is forced past the

Sectlon A
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Figure 11- 1Workmg sash heigh/t ( 18:in., 046 m ) 'honzon{al slice, person object at 6 in. ( 0. I 5 m ) computanpnal results.
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object and as such a strong vortex is generated just down-
stream of the object. Again, it should be noted thatall of these
descriptions are two-dimensional projections of a three-
dimensional flow structure.

A nondimensional pressure contour plot of a vertical slice
of the room and fume hood is shown in Figure 12. The vertical
plane is the plane of symmetry, as in Figure 10. The pressure
contour details the area of interest‘,‘thc-main fume hood cham-
ber, and the room just outside the sash. The pressure is nondi-
mensionalized by the dynamic préssure, with the average sash
velocity used as the scaling velocity. The pressure contour
confirms the streamline plot of Figure 10. Thereis a low pres-
sure behind (downstream of) the sash where the large vortex
is, and there is a high pressure in front of the lower back baffle,
which pushes the airflow towards the object. A low pressure
region also exists behind the back baffle, 'where the flow is
drawn up and out of the fume hood.

The smoke test results of this configuration are shown.in
Figure 13, where again it should be noted that smoke test
results show the time-averaged flow striictureand not some of
the unsteady characteristics the actual flow exhibits. No hori-
zontal drawings of the smoke tests were recorded and, as such,
only the vertical slices are described: Comparisons between
the smoke test and the computation show the computation
accurately predicts the size and location of the small vortex
behind (downstream of) the person, the general flow structure
behind (downstream of) the object, and containment of the
flow inside the main fume hood chamber. The computation
does not exactly match the smoke lest results i its prediction
of the flow over top of the object and the size of the vortex
behind (dgwnstream of) the sash. No explanation has been
found for the discrepancy in the flow over the tep of the object,
bul the vortex size is most likely attributed to the staircase

p
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Figure 12 Working sash height (18 in.,-0.46 m); vertical
slice, person, object ar 6 in. (0.15 m),
nondimensional pressure contour. ' "
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Figure 13 Working sash height (18 in., 0.46 m), vertical
slice, person, object at 6 in. (0.15 m), smoke test
‘results.

baffle, as mentioned before. Additionally, no vortices are seen
in'the he%;d area of the person and the flow goes over the top
of the head, down the face, and cotitinues at the body. Chang
(1994) reported that, in general, the airflow seemed to flow
over the head and down the body for similar fume hood and
sash-height configurations. Chang also reported infrequent
vortices in the facial area, which are representative of the
unstable characteristics of the flow.

A contamination study was performed on the working
height (18 in., 0.46 m) configuration. A conceuntration of the
contaminant, nondimensionally, sct to 1.0 is applied Lo the top
of the object. All other surfaces in the model have a nondi-
mensional concentration of 0.0. Figure 14 displays the results
of this computation. As seen in Figure 14, the contaminant
follows the airflow patterns in Figure 10. A small concentra-
tion of the contaminant moves to the back of the sash, but the
fume hood still maintains the containment.

In the 30.25 in. (0.77 m) sash-height study, similar flow
structures (vortices behind the sash and person and recircula-
tion behind the object) are predicted as in the 18 in. (0.46 m)
sash-height case. However, the most significant result is the
predictionofloss of containment in the main fume hood cham-
ber. Figure 15 shows flow is moving from the front of the
object inside the fume hood to the small vortex behind (down-
stream of ) the person outside of the main fume hood chamber.

The flow behind (densﬁream of) the object in the 30.25 in.
(0.77 m) is predicted to flow over the top of the object and
down, with just aslight sweep away from the back baffle. With
the sash all the way up, more flow is allowed to pass over the
top of the object and less flow.is forced around-the sides, as
seen before in the 18 in. (0.46 m) sash-height case. Section A
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Figure 14 Working sash height (18 in,, 046 m), vertical
slice, person,- object at 6 in. (0.15 m),
nondimensional contamination results.

of Figure 15 shows a small clockwise vortex behind (down-

stream of ) the person of the same size as before but located a,

little higher above the waist. Figure 16.represents the horizon-
tal slice for this configuration. A strong vortex now appears
just downstream of the person and a weak flow recirculation
exists just downstream of the object. For the fully open sash
height, flow is no longer forced down the body of the person by
the sash; consequently, the flow around the sides of the person
generates a vortex. Since the flow is not as strong’'atound the
object, a weak airflow recirculatién*appéars behind (down:

stream of)the object,eal§0 in‘contrast tgitlie 18in. (0.46 m) sash
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Figure 17 displays the nondimensional pressure contour
for this configuration. There is a high pressure region just in
front of the top of the object and a low pressure region in front
of the object extending out beyond the plane of the sash. As
shown in the streamline plot of Figure 15, the pressure contour
also shows airflow will travel from the top of the object
towards the bottom and out of the fume hood. Also shown is
a high pressure at the lower back baffle allowing airflow to
move towards the back of the object. In comparison to the
working height pressure contour of Figure 12, the pressure
difference between the front of the back baffle and the back of
tﬁ‘etlL object is'smaller, allowing for the less severe recirculation
behind (downstream of) the object in Figure 16.

Validation of these computations is shown in Figure 18,
the smoke test results for this configuration. The smoke test
shows loss of containment, vortices behind (downstream of)
the sash and person, andrecirculation behind (downstream of)
the object. Differences between the computation and the
smoke test results are, as before, the size of the vortex behind
(downstream of) the sash and, to a lesser extent, the flow
behind (downstream of) the object. The computation does a
better job of predicting the flow pattern over the top of the
object but does not exactly match the gentler angle of flow
coming off the back baffle towards the object. '

‘Figure 19 'displays the results of the contamination
computatith. A§ seen'in Figure 19, the contaminant follows
the'airflow patte€ms shown'irf Figute 15. A'small concentration
of contaminant moves from the fop of the' object, dowrt the
front face of the object, and out of the fume hood mdin cham-
ber. As predicted by the airflow structure, the fitme hood loses
containment of the contaminant. - ! ‘ g

Another configuration was studied 4t the 30.25 in/(0.77 m)
sash height with the object movedback to 9 in. (0.23 m) behind
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Figufé 15 F &ll'y‘b'pen".isa‘sh height ( 30.25 in., 0.77 m), vertical slice, person, object at 6 in."(0.15 m); computhtional results.
s . ' G N L Vi o A
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Figure 16 Fully open sash height (30.25 in., 0.77 m), horizontal slice, person, objectat 6 in. (0.15 m), computational results.

the sash. The objective was to see whether containment could
be maintained by the fume hood with the object moved farther
away from the opening. The computed results are shown in
Figure 20, and smoke test results are shown in Figure 21. The
computed flow patterns agree very.well with the smoke traces.
The model again predicts the containment will be lost, which
is confirmed by the smoke tests.'In this configuration, the
model does better at predicting the flow behind (downstteam
of) the object, giving it a more angled slope from the back
baffle towards the-object. In addition, two small vortices were
predicted at the end of the bottom airfoil and at the top of the
main fume hood chamber near the sash. These were not

490.00
489.67
489.33
489.00
488.67
488.33
488.00
487.67
487.33
487:00

Figure 17 Fully open sash height (30.25 in., 0.77 m),
_ vertical slice, person, object at,6 in..(0.15 m),

nondimensional pressure contour.

TO-98-15-2 (RP-848)

confirmed by the smoke tests. No horizontal slice is presented
here, since it is very similar to the previous horizontal slice at
the same sash height and lower sash velocity.

CONCLUSIONS

It has been shown that a three-dimensional CFD analysis
can provide a simulation of laboratory fume hood airflow
given appropriate boundary conditions. The three-dimen-
sional fume hood rrflodel. includes: airfoils, angled slotted
baffles, a variable height sash, top and bottom bypasses, a
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Figure 18 Fully open sash height (30.25 in, 0.77 m),
_ vertical ;Iic_‘g, person, object at 6 in. (0.15 m),.
* smoke test results. o h
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Figurel9 Fully open sash height (30.25 in., 077 m),
: vertical slice, person, object at 6 in. (0.15 m),
nondimensional contamination results.

person, and an object. The results 1ndlcate that the room
outside the fume hood is an essential component of thq fume

hood model to predict the expected flow patterns (large vortex.
behind the sash). The addition of the room to the fume hood

simulation adds complex1ty and computation time but also
allows investigation of extemal influences to fume hood
airflow.

The three-dimensional simulatioti results produced flow
patterns confirmed by smoke tests. The model is able to repro-
duce the large vortex behind (downstream of) the sash at
different sash heights, as well as the small vortex created by a
person in front of a fume hood and the recirculation behind
(downstream of) an object in the fume hood. Also predicted by
the simulation and confirmed by the smoke tests is the loss of

L

Figure 21 Fully open sash height (30.25 in., 0.77 m),
vertical slice, person, object at 9 in. (0.23 m),
smoke test results. ,

containment:at the fully open sash height withja person and
object added to the model. This flow pattern was repeated
when the object was moved farther aw ay from the sash, which
did not improve containment problem. The model and smoke
tests revealed containment was regained when the sash height
was reduced.

T
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Figure 20 Fully open sash height (30.25 in., 0.77 m), vertical slice, person, object at 9 in. (0.23 m), computational results.
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NOMENCLATURE

= X, Y, or z velocity

-

= time .

= X, Y, or z coordinate direction
= pressure

density .

= turbulent kinetic energy

< x0T =
fl

= kinematic viscosity

= eddy diffusivity

= volumetric expansion coefficient

= gravity

= temperature g \

= dissipation rate of turbulent energy

= instantaneous concentration for passive contaminant

g o ® xR ™
|

= molecular diffusion coefficient for passive
© coftaniinant |

s = volume contaminant 'gen'erati'on source
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