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ABSTRACT 

This paper presents a new technology for capture and 
containment testing in commercial kitchen ventilation 
research. It is called large-scale focusing schlieren system 
and offers a nonintrusive approach to effluent flow observa­
tion. Schlieren systems can be added to conventional kitchen 
ventilation research laboratories or other hood testing facili­
ties and allow continuous observation of a large area around 
a hood-appliance setup. This paper presents the conceptual 
design of an existing large-scale focusing schlieren system 
and some test results from this system with various kitchen 
appliances. 

INTRODUCTION 

Health and safety codes require capture and containment 
of grease-laden effluent from cooking processes. In most 
commercial kitchens, capture and containment is accom­
plished using an exhaust hood. The performance of exhaust 
hoods and the determination of satisfactory exhaust flow rates 
have historically been based on the subjective judgment of 
observers using flow visualization tools . This paper reviews 
the commonly used tools and introduces a new one based on 
an optical principle called the "schlieren effect". 

TRADITIONAL FLOW VISUALIZATION 
TECHNIQUES IN CKV RESEARCH 

In the past only methods that al low airflow observation by 
means of the naked human eye were used for capture and 
containment testing. Under cooking conditions, proper 
capture and containment can be analyzed through observation 
of cooking effluent such as water and grease vapor that is 
produced from the food product. This method provides good 
information about capture and containment of these pollut­
ants. However, information about hot air spillage into kitchen 
space under appliance idle conditions cannot be gained 

through plain observation of the airflow. This problem can be 
resolved through seeding the air in an area of interest around 
the cooking appliance and hood with neutrally buoyant soap 
bubbles or theater fog. These tracers can then be observed with 
the human eye. Although there are several other flow visual­
ization techniques, only these two methods were traditionally 
used for flow visualization. They are described in more detail 
below. 

The Neutrally Buoyant Bubble Method 

This method is based on the observation of neutrally 
buoyant soap bubbles that are machine produced from a soap­
water mixture and helium gas. Since the bubbles are neutrally 
buoyant, they don't sink to the ground or rise to the ceiling but 
follow the air flow within the laboratory. If the air is at rest, the 
bubbles will remain at rest, wherever they are. During the 
capture and containment test, the tracer bubbles can be 
observed to determine the airflow pattern as it is created 
through natural convection and through the supply and 
exhaust airflow. In addition to observation under uniform illu­
mination, this method can be enhanced with the so-called light 
sheet method. A light sheet is a two-dimensional plane oflight 
that is used to illuminate only particles (bubbles) in that plane. 
As a result, the area of interest can be split into a series oftwo­
dimensional planes and the resulting bubble movement can be 
videotaped. It is then possible to analyze the video recording 
and calculate the air velocity in the individual planes to create 
a three-dimensional flow velocity pattern. This method is 
known as particle displacement velocimetry (PDTV). PDTV 
is a very powerful tool for the analysis of stationary flow 
regimes. However, since scanning the individual observation 
planes takes time, this method is not suitable for transient flow 
analysis as is necessary for kitchen ventilation research. 
Generally this method is very vulnerable to soap bubble 

Ferdinand P. Schmid is a staff engineer and Vernon A. Smith is a senior engineer and project manager at Architectural Energy Corporation, 
Boulder, Colo. Richard T. Swierczyna is laboratory operations manager at Architectural Energy Corporation, Wood Dale, Ill. 

THIS PREPRINT IS FOR DISCUSSION PURPOSES ONLY, FOR INCLUSION IN ASHRAE TRANSACTIONS 1997, V. 103, Pt. 2. Not to be reprinted in whole or in 
part without written permission of the American Society of Heating , Refrigerating and Air-Conditioning Engineers, Inc., 1791 Tu lie Circle, NE, Atlanta, GA 30329. 
Opinions, findings, conclusions, or recommendations expressed in this paper are those of the author(s) and do not necessarily r fleet the views of ASH RAE. Written 
questions and comments regarding this paper should be received at ASH RAE no later than July 18, 1997. 



production problems because the equipment needs time­
consuming fine tuning and cleaning before and _durip.g each 
test for proper operation. · _ 

The Theater Fog Method 

In this method the air arol!nd the tested kitchen appliance 
is seeded with a small amount of theaterlog:-biffererices in 
fog density can be used 'as airflow indicators, e.g., a plume of 
foggy air rising in a fog-free environment. Since theater fog is 
long-term stable, the deployed fog cloud can be traced with the 
human eye 'until it is either removed by the exhaust hood or 
vanishes through dilution with air. Visualization of the theater 
fog can be improved through illumination with a high- inten­
sity light. A grea! advaptage ofthi_~ methpd over tlw.neutra_lly 
buoyant bubble method is that theater fog can be produced at 
any required rate almost instantaneously. The fog can be 
deployed whenever and wherever it is desired during the test, 
~nd the' equipment needs little maintenance. A drawback with 
this· method;,' however, is that tlfe injected theater .fog repre•! 
senfs :a ceriairn.volume of additionctl air. As a re.~ult, it tnay1 

change the airflow pattern due to its inji:\ction velocity and due 
to thermai'expansion;when mixing withithe hot plmne'risihg 
from the Cooking appliance. ;' I 

Limit<Jtio.n~ Of The Tnu;litional Methods, 
J . J) ... ;\1 ' r_. . ; . J 

Both of the previously mentioned methods present !inti·· 
tationsfor transient flow analysis becausethey require seeding 
of the air with tracer.particles. This seeding process cannot be 
done continuously without affecting the airflow pattern. This 
type :of measurement is ca'Ded ','intrusive" .beoause: the media: 
of interest needs t0 be modified (seetle:d):to :atlow flow obser­
vation. Most of the previously listed ,limitations !can be l'>Ver­
come witlf. a n01Ji1ifrusive flow visualization method. The 
schlieren method forJlpw visualization is nonintrusive. It,is 
based;_ on refraction of light as it passes dirough media with 
diflfering .rr.fractivte indices.•:.. " · · ·. 1
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!?Figure ;Ji · Basic. schlie-Pen sj.istem according;to Schardin. 
f' 

Although the schlieren effect had been known for about 
three centuries, it is only recently that it gained popularity as 
a tool for flow visualization. There are two main historical 
reu5ons for it5 low popularity: firnt, 5chlieren image5 only 
provide µiostlyqualitative information abqut airflow phenom­
ena (exception: velocity measmement of thermal ph.itneS), and 
second, schlieren systems for -large fields. of view used to be 
extremely expensive to build because of th~ req~iredi large 
optical mirrors or lenses. Only very recently through the work 
of Weinstein ( 1991) has the second limitation been reri1oved 
through the successful development of large-scale schlieren 
systems. 

SCHUEREN FLOW VISUALIZATIOl\I 

Figure 1 illustrates the basic setup of a schlieren system 
according to Schardin• (1970). It 'illrt~frate~ the physical 
phenomenon that is utilized for schlieren flow visualization. 
1'htfessential con'1pone . ts 'are ~ light sou'rce

0

'and1 two shading 
elements with a ' efy ~harp edg'e'." f he 'fi rs't shading element 
covers part of ithe light source with a k1

1
iife '·edge and thereby 

creiites a shadow image with a very sh~rp transition between 
light and (lark~ A second knife edge is viaced in front of an 
irNaging screennmct adjusted to barely cover up the remaining' 
light from the light source: This clcmcrtfis called a "schlicrcn., 
stop.'i!Jn this situation, the two straight shadow lines from both 
shading ~lem~nts just touch each :6th er. Any· chailge in refrac~· 
five fodex along; the' path of light bet'Ween ligltf source arid 
ii:nagiiig system will ;result in a "bent';'iight path due to light' 
refra:6tlon. This tleflection of the ll~ht wirl {ft~n· lighten up cir 
darkeri the itria!fe<'sbi'een. •' ' ·' 1 7 

1·!. i; ' "!ti 

' ·)\lthottgh th~rchang ···in 'tefi ctive ' ind~x of air witiii 
t~inperature ii smallt it is' sfill' 'pdssibJe' i-o aetect even, sm~n· 
t~mp'erature ~ffsets in tile r;.n~e ci '<i fJvl degria Fabririheit 
(o~ degrees CeJsh.is) wtth schl.ier'en sys'&ms. Ot ier Mete; table 
ph~nomena'~re the1 mixirtg'df1 ~H· wtih other gash~ ~nd 1otWer 
events thit ciu'se eveli sinali ci1Janges in refractivlf~dex of the 
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Figure 2 '-' Focusing schlieren system .setup.-, 
"/ .' ., ' ')"!" I · , 1'.' .I I f~() • '.: . 

penetrated m~f!j,a ., f,- _limi,ta9on of t~,1 sc1hliyren ~¥·~>~!11.)n 
Figure 1 is that it oply provides a on~-dimensional image 
along the l'ine w·here the two ~·hadows meet. Th.is problem can) 
be overcome thr,iue;i~:the s9a~ning of an area with this ~yst~1n· 
T.?e requirement .fqr,r .~p~uming process and some other li~h 
ttttions caused the ~.chliei;en concept to be unpRpular;§c)J.ard.~i;i. 

(1970) explored" ~ever.al other appJ04f1hes to .utili~ing the_ 
sch_li,eren effect fyr flo~)!is;q,a\ization , inclu4ing a systt:im !hl\t 
u~es : ~ source griµ .. tl;ia~ , ,con~i§~S of. .b_rigqJ, and, dar~ : s.~ripes 
instead <_>f one single_ kq.ife ep_ge to obtai~ ,~; tw~7dim~nsional 
scq>ieren ima&e. Ho}VeVef., he' P,i9;not folio,\!\'. through,_ip part 
due to criticisw .. 'i\t~is wor~. f~om the scient~ftc co,mm~nity at 
the time. Schardin' s results were neglec~ed ~n9 ot~er ~cirntists 
dfv7loped schJieren ~ystew,-Mpat use.~ P,~rallel lje;PJ som.:ce or 
l~sers.. to eli~! i5\~~e !.bi nee_d for ~~~ning an area while;~til} 
pro:"_iqing a ~~.q-dime!?.~ i pq~l :~c~yere~ vie~. T.hese systen;is 
~_sea sim~Je i;Jit,or poii:i.t) ight sour~e and a k1.~ife edge sch lier.en'. 

. 'J.; • • ~ .. • -~ .... ' j f I I . . '-· 

stol? i~ a
1
ddjtiop. to sp9cial optic.s to pro\ide parall~\ light. 

However, t~e costi~fth~se systilll1~if~ses {apidly ;vvith ~rowing· 
image size due to the large-diameter optics that are required. 
As a result, the main application for the parallel light type, 
schlieren system is in wind tunnds and·vtper faoilhiehvbere 

'.-, \. ! .~ .• ' ~ ~ ' i .. •• .• 

small models of the actual object can be tested and relatively 
high prices are acceptable. 
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LARGE-SCA~.E~FPCUSING ~CHLIEREN SYSTEM 

A break th~o~gb . in · &chliere~ ·· fl~w ·visualization for 
HV AC and especially kitchen ventilation research came with 
the introduction of large-scale focusing schlieren systems 
through Weinstein in the early 1990s (We'instein 1991). Wein­
stein used Schardi1 ' s basic concept of a l!\rge source grid ,~all, 

analyzed and improved the -<:once~t, an~ introduced a large 
field focusing technology. In 1995, Gary' S. Settles published 
a report on results with the wortd's-fitst ·latge-scale focusing 
schlieren system (Crowder 1995). The design was done by L. 
Weinstein, and G. Settles built the system in a university 
research facility. This system offers a schlieren test area of 
about 9 ft x 7 ft (2.7 m x 2.1 m), which is big enough to view 

• t,, ;! :_; I . I.,} ; ·.11 

·' ! ~. ; , , I'"' 

_,; ., ~.' } ; 

e)Jtin; ~itch<m appliances, under an exhaust ho.od: P:relim'i:iiary 
kitc~en ,ventilation tesl.resul:ts with that system demonstrated 
t~e value ~o(~ large-scale schlieren flow visua:li.zati-on. Subse­
qµently, ~ .~us tom designed iand enhanced; foousing schlieren 
sys.tern . was installed' at1 '! commercial . kitahen ventilation 
(CKV) laboratory. Figure 2 shows the se~up of the system at 
the CKV laboratory. 

The systertl "essentially cohsfSf-s . 6fthre~ c:iptiC'al dorr{po~ 
nents plus a video system for observation ancl result recording. 
'J;he .three parts are source grid, imaging optics ,•and a.cutoff 
grid. This setup works similarly to the previouslyndescribed 
Si<hardin schli.eren sys.tern. The knife edge sl_laded light source 
is replaced,byran ,illJ.iminated wan withr.anpa1$ern of highly 
reflective dot&,on blac:k backgrnund. The veflective dots are 
about 0.5 in.,(l.3 cm}-irtldiameter and cever;50% of the source 
grid' area.; The entire source grid wall is:iHuminated through a 
high-intensity. halogen ,lamp with apptopriate reflectors for 
even br\ightne~s. ·An image of the source grid is projected 
through imaging optics onto a schlieren •stop callcid a cu1Mf 
grid. This cutoff grid is manufactured as a photographic nega­
tive image of the source grid wall. The black spots on the nega­
tive exactly shade the bright points that are projected onto it 
from the illuminated source grid. The resulting image is 
projected onto a Fresnel lens that is located, closelY. .behind the 
cutoff grid. Homogeneous air tempernMre :in th~:.test area 
shows on the image on th!<. Fresqel screen as uniform and very 
dark background.-As soon ·;i.~ light coming from the source grid 
is refracted along its path to the cutoff grid, the image on the 
Jens lightens up in a corresponding area. The nature of this 
design offers an area of maximum schlieren sensitivity half­
way between source grid and optical system. This sensitivity 

__ yariation along the path between source grid and schlieren 
stop i~ characteristic for focusing schll~ren systems. It can be 
used for three-dimensional schlieren -analysis, depending on 
the depth of field. A well written and detailed description on 
the topic, including equations, is given by Weinstein (1991). 

.n The test area of the de<scI?il>ed $ystem lies within the most 
sensitive area of the schlieren system. The focal area of this 



system can be moved back and forth by ±5 ft(± 1.5 m) to allow 
for some three-dimensional information. Its dentil of feld is 
about 6 ft (1 :s m). If required, the depth of field for this ;ystem 
can be reduced through relocation of the schlieren optics box 
and source grid wall. All imaging compbl).ents of this design, 
including the vide9 system, are located inside a compact 
enclosure. I~-i:t~4ition to shielding out~ide light; this enclosure 
protects deliqtte parts of the system from dust and spiJled 
cooking eff!.,u,elj\t. As a result, this system is well suited :for 
operation in a well-illuminated test kitchen ~nvironment. 

SCHLIER.EN I.MA. •E RESU!L TS : · 
FROM CA1i¥0RE ANIT c NT.Al IMENT TESTS 

. ' • H. I ~ • ·~ ~ 

Figurts·3 trnough 7 sb w im .ges that \.YCre igiti?fld from 
S-YHS vii:leotapes that were recru-ded d~ "i ng captu:·& -and 
containment tests. Since exhaust flow is a dynamic ~vent, 

, . . , ' · ; ~ : . . ·.; ·' 1:. i , - ' (j · · I ... l . 

these still images can in no waY, prov~~e.,a~ ,n_i,u,?~ information 
about the hood function as the actual moving video. However, 

thes~ pict~r~~,.a~e ~dequ?te1 t? . illustrate r.ro~~~ ~,a~t~re ru1d 
contam'n\ent or spillage tfiro)Jgb schli.eren effect m· areas 
wtte're 11ot air is ·Jte~~nt. The1 ~ estJhted piCturJs t:e 'cb ritrast­
e~~anbed for laser printing bdc~iis~_this pri~ting ~;oce~iii'mit~ 
• ,, I' f f 1 o ,,,.. ' " , I . ~ I 

the available color ch,1,th to about 16 gray shades. The' trade-
1j j '"t f ~ r ! 11 "' I 

off for this enhancement IS a CSS clear OUttine Of tne canopy 
hood and tfre ·applian~es .'Hot airltiw causirlg' scl1deren effect 
is represented i 'n ' ~ ll iniages' as a 't'lfrb"1lreiit 'steam jet: 1W1th 
increasing temperature of the air, thYschlleren pattern in the 
in{age reaches ''higher satur!ition toward *hite and black'. 
Faster flow and 'high1er disturbance 'in the airflow are re'pie~ 
sented through a finer sc'trlieren pattern. 

• ,·~ : , , . ~ 1 I _. , r '. · , : ,: i = r J .~ • 1 ( · 1 I · · . 

. . The s~hh~rep ima~r. ,iq..Figure 3 .i;~~1Ys ~ six-~lem~l).t.el1~~! 
tric range top, 017erati.~g at idle con~it~on. :f.. hot plu111e is start~ 

I I.. · ... J • r , '1 J -~. (,. 1 J J 1 : ·, 

ing right above tb,e copkiqg surf.a~e. Schli~~en effect alJo;w.s 
cont~nuous vis'1!:alizat'i'o,n ?.r the ,·,Rlmne un,{il it is '.:µ~~II~ 
capture~ and e~ha,usted throi\}p~l t~e canopy hood. ·' 

11 i I 

Front ,Edgei : 
of the ~Canopy 
,Hood.: 1 

.. ' I.• 

Schlieren 
Flow, Pattern 

i I ~f 

, ·. 
Figure 3;·: Prdpbr cajit~re'' 'aHCi' ciJpt~~nhN:!nt ·of a 'si}f-
,., ,, ' e~erif~ht electt'ic ia.nge tofl'at M~e'cbi1'dii1bn: 

• j , I • \ .' I l 1 ; -~ i ;'~ i ~. : (. 

, . • ·1 
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The fading schlieren effect toward the left side of the 
picture is qmsed througH: a ·systematic i1 itation o he 
schlieren set~p. The field o view for schlieren observai·~n is 
limited by an 8 ft wide bac wa:i·; as ~~e~che in F;gu~e 2, The 
system is only schlieren sensitive wi( in the ti;iangle .. betW~en 
source grid wall and optical lens. A~ a res ult, the schUeren 
effect washes out toward the left ide of the image.with shrink­
ing thickness of the schlieren sensiti : area under the h~od. 
Consequently, the system cart O'nly defoct sch\ieren effect as 
far left of the image as the field ·of viei· limitation line in 
Figu1t: 2 imlil:alt:s. 

Figur"e 4ipictures the t;Ie'ctric range top from Figure lat a 
lower exhaust flow rate. Schlieren effect in:frdnt of the exhaust 
hood shows hot air escaping \he exhaust syste~ and entering 
the laboratory space. This image:demonstrat~s.'a second limi­
tation of schlieren flow visualization. As the aif velocity goes 
doVlrn or, the tefuJ'.)etature of tile escap1hg a:!r' gets closer to 
ambient, the schlieren effect washes out, as can be seen with 
the warm plume that rose past the front lip of the canopy hood. 

Schlieren flow visualization offers on). qualitative infor­
mation .about the air te~peratur:~.}t cann~t be usecl for ~b~o­
lute measurements except for observation of thermal 
airstreams. or other tracer g'ases and measuring the overalJ 
plum .,vel6c ity. The velor"ty measu1 ement can be done 
through vict'eptaping the schl ieren view and then following a 

' . certain sch lieren pattern . over several 1 v· deo. frames. $ince 
l'{TSC video frames-are recorded ,1/30 s~apa11; it.is pos ibl to 
calculate a velocity from the video timir!g information and. the 
traveled distance in the video image. mo·re sophisticated 
approach to velocity measurement wfth scl;ilieren systems, 
called "optical deflectometry," has b!len devel0ped (Alvi et ki. 
1993). ... . • ' ··. 

The schlieren system described is sensitive enough to 
visualize the thermal plume'ai-ising from a human body. That 
means thattemperatures less than l0°F (5.6°C) above ambient 
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Figure 7 Full-size gas convection oven during spillage. 

are visible. However, tests have sh0wJ that the sy~teni -~lfows 
resolving temperatures up t~ 3300°F•:(l800°C). This wide 

temperature range makes the schJ:i~ren technique very vah.t­

able as an analytical tool for rating the environmental imp~ct 
of hot <'\ir, ~iss!ions from kitche,n appliances. Figur~ Ssho~s 
a six-burner natural gas rangt:l top. A comparison ofihe Hsing . ' . . -~ 

hot air from this appliance with thdmage's in Figures 3 aii4_ 4 
demonstrates clearly the higher dhavst rn1;erature and 'flow 

velocitY,,fro
1
ip tl}e gas .. unit,.although both , .1ge tqpi! ar~ s~t to 

33% of tli'eir 'rtiaXimum p.ower input rating: The:·~chliei:en 
image from the gas appliance only shows s~roi,-~ted::black and 

white without gray shades. in:an area,cfos¢.Jb th~ cooking 

surface. This result can easily be understood since the flame 

tenipb;ahire of' gas burne'i~ is much high".~1than tlie' t~~pera­
ture of heated air over electric cooking' s·~rfaces. This high 

flame temperature, in addition to the combustion products 
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'Figut~r6 . Puli-si~e 'e'fecifit ~onveciion df~ii ~t capture 
,_,, · , .. ,,. 'andcontalrim~:nt';. · :, ·.·. '· '' 
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produqrf' bj fhe ga~ range lf.ad,s t<i it~e :~igher exha~st re,ci' ,ire-

men~t Jn a9,d.it,ion to dete{mi11/11g, ~xh~u~t .. ~oy.; r,~quiffme~ts, 
the r.rs.u1,ts ~~om these sc!Wer~h in1age~ 

1
cai, also, be ljlied .fo 

pre~ict tl"\e impact of applim;1c,es o .~y1e c~mfort le,~e} in ~\le 
working r!w,ir~n w,ent of the OP,erator, tlW· cook. , , . , 

' One of the major adY!lJ,ltages of th.is large-view:schlieren 
sy~t~mr~-~ the compre~w11si~e ~i~~ .th~t .it woyi~es.around the 
e1'tire test setup. T~1:\9onyection pyen in_Fi~lJr,e:6, a~ receivlJd 
foq~sting, has a leaking front d9,orthat,Jead.~:to spillage of hot 
ai~, into the env~ropment. e,yen flit ~ig~ :E~~a,ust flow rates. 
Ovens, however, are treated as 1P'N1\i,eat erriissions equipment. 
Without this schlieren image; ho":ever, the causi;; is difficult to 
finchince no" othdr'ffbw'yisualizatic1irt tedlmique that is avail­
able for kitchen veh'tjlaiibn reseafoti·is-~bl~ t~ sho\¥ this prob­
lei,n s

1

0 clearly. the i~al was tightened hrid ~n additional gasket 
wa!s irlserted before addHibnal tes'tini wa~ starte'd. The equip­
ment shown ori.' tlie right end~C>f'the im~ge are teinp~rature 
sensors for heat gain testing._ L.hey are not used during;,the 
capture and .Coiitail-ii:rient tests. · . 

· :· · Fi~urh :1 shows the schlieren picture f6r tlfe cas_e of an 
identical electric oven model. However, due to the absence of 
combustion process inside the oven, less' hot air if leaking 
through the oven ,doors. The outside surface of the electric 
oven remaihs co'oier during operation such that the schlieren 
system is pushed to the limits of its sensitivity. 

" 
SUMMARY 

_; 

T4e.sch1Jt;ren results pre:;ented clearly show the superior 
infopit~tiQn quality of this flow visualization rechaique. One 
of the niajor ~Civar1tages is c.ontinuous ·oow vi~u aljzation for' as 
long as necessary. T his featur.e aJlows the analysis ·of time­
dependent flow phenomena that cannot be analyzed with 
th,eater fog, I\e,utr~lly bpoyant bub~les, or o~her ipvasive visu­
alizat\~i;q~chni9µe~ due 50, s~eding proRlrpis., A schlieren 
system offers a comprehensive view of all hot air that is 
present in the area ofinterest since it does not require any seed-
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ing. The fact that it does not provide information about spill­
age at the sides of the hood is a minor constraint given the air 
dynamics of exhaust hood systems. If required, additional 
tests can still be performed with conventional methods as 
described in the first section of this paper. 

Schlieren flow visualization is nonintrusive and as a 
result does not influence the airflow pattern, unlike theater 
fog, which adds volume to the exhaust flow. However, capture 
and containment results that were carefully performed with 
theater fog do compare well to schlieren results (Swierczyna 
el ;il. 1997). Rul lhe rnosl imporl;inl ;iilvm1l;i~e or schliernn 

flow visualization is its sensitivity to hot or polluted air. By its 
very nature, it focuses on the phenomenon of interest, the 
production and exhaustion of hot air, fuel combustion prod­
ucts, and cooking effluent. All of these features make 
schlieren flow visualization a very valuable and accurate tool 
for commercial kitchen ventilation research. 
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