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e-ma”i.gSSZ@DSU-Ed“ Vertebrates aim their noses at regions of interest and sniff in order to acquire olfactory
Department of Mechanical and Nuclear trace signals that carry information on food, reproduction, kinship, danger, etc. Inverte-
Eﬂg'”ee”ﬂgz Pen.” State University, brates likewise position antennae in the surrounding fluid to acquire such signals. Some
University Park, PA 16802 of the fluid dynamics of these natural sensing processes has been examined piecemeal,

but the overall topic of sniffing is not well investigated or understood. It is, however,
important for several human purposes, especially sampling schemes for sensors to detect
chemical and biological traces in the environment. After establishing some background,
a general appraisal is given of nature’s accomplishments in the fluid dynamics of sniffing.
Opportunities are found for innovation through biomimicry. Since few artificial (“elec-
tronic”) noses can currently sniff in the natural sense, ways are considered to help them
sniff effectively. Security issues such as explosive trace detection, landmine detection,
chemical and biological sniffing, and people sampling are examined. Other sniffing ap-
plications including medical diagnosis and leak detection are also considered. Several
research opportunities are identified in order to advance this topic of biofluid dynamics.
Though written from a fluid dynamics perspective, this review is intended for a broad
audience.[DOI: 10.1115/1.1891146

1 Introduction Department of Homeland Security’s Transportation Security Lab,
said “Chemists have been so fixed on detector developftieatt

Sniffing for chemical traces is as old as nature itself. It domjf; t's exactly what we aot: very well-develoned detectors that
nates the lives of most animal species, relegating touch, heari y g - very P
e no front ends. We're going to have to reach out to other

and sometimes even vision to lower status. Animals depend s - -
olfaction for food, reproduction, kin recognition, and danger ale |SC|_pI|n_es to dgve_lop ”9"?' _sampllng systenﬁ_il]._Flmd dy-

[1]. The first three of these require little sniffing in humans, b jamics is the principal discipline that must fulfill this need.
recognizing danger is still very important to us in the 21st century. 1.1 ScopeThis is an unusual Freeman Lecture: Rather than a
The study of olfaction is a well-established scientific disciplinejetailed review of a current fluids topic, it attempts to bring to-
but hardly a stagnant one. Zwaardemaker's book on vertebrgigher several diverse fields—some outside the traditional fluids

olfaction[2] already listed over 200 references in 1895, but at thigalm—in order to introduce a novel biofluid dynamics topic.
writing, researchers R. Axel and L. B. Buck have just beeRather than the culmination of a career, it is an attempt to strike
awarded the Nobel Prize in Medicine for their research on odoraf\it in a new direction.
receptor genetics. Some of the many recent surveys of the field aref course, not all chemical sensing methods require fluid-
given in Refs. 1 and 3-6. These authors discuss olfaction from thgnamic sniffingper se An early distinction is made here be-
perspectives of neuroscience, psychology, zoology, chemistfijeen trace and bulk detection, for example. The latter involves
anatomy, and communication. Few, however, have included thgn-olfactory methods to sense significant quantities of a target
perspective of fluid dynamics. material such as a concealed explosive or other contraband. Also,
But fluid dynamics is central to olfaction, and it is thereforgjirect-contact methods like swabbing can acquire trace samples
surprising that sniffing flows have not attracted much attention {githout an overt fluid-dynamic step.
date. Biofluid dynamics has been mainly concerned with the A similar distinction is made between standoff and point detec-
larger themes of blood flow, respiration, and external locomotiafbn [12]. Standoff detection requires physical separation between
flows [7,8], and has left the fluid dynamics of sniffing mostlythe sensor and the site of interest. In this paper, except for air-
unexplored. scenting and chemical plume tracing, sniffers are considered to be
Hence the time is right to investigate this topic, especially ipoint-detection devices.
that—until recently—no technology could begin to emulate the The well-developed fields—some broader than others—that
animal nose. Now, however, we have artificial or “electronichear on the present topic include:
noseq 9,10] with substantial and growing capabilities. They need
samplers—sniffers—of comparable aptitude. 1. Biofluid dynamicq7,8].
The closely related issue of chemical trace sampling has like-2 - Animal olfaction, neurophysiology, and evolution.
4. Airborne particle sampling of the sort used to determine air
Contributed by the Fluids Engineering Division for publication in therlAL of qua“ty [13]' (ln [14] more th.an 1000. Such. Instruments
FLuibs EnciNeering. Manuscript received by the Fluids Engineering Division, manufactured by 240 companies were identified.
February 10, 2005. Review conducted by J. Katz. 5. Inhalation toxicology, where laboratory animals are used to
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assess human responses to inhaled pollutamd 6.

6. Ventilation, especially inlets and hoods for industrial capture
and local exhaust of fumg47-20.

7. Electronics cooling, where high convective heat transfer oc-
curs in confined spacé¢g1,22.

8. Aerobiology[23-25, “the science of the aerial transport of
microorganisms.together with their transfer to the air, their
deposition, and the ensuing consequence<. S. Cox
[23].

9. Analytical chemistry, the science of identifying and quanti-
fying compounds using laboratory instruments, €.26].

1.2 Goals.Lighthill, in the introduction to hisMathematical
Biofluiddynamicg 7], wrote “The value of seeing any biofluiddy-
namic problem..against the background of a systematic compara-
tive survey of the biological function in question in many different
groups of animals, can hardly be overestimated.” Such a survey of
sniffers is the principal aim of this paper. It is intended for a broad
audience, including zoologists, biologists, environmentalists,
anatomists, and physiologists as well as the fluids community. It
also aims to encourage the fluids community to consider olfaction
and the olfaction community to include fluid dynamics. The role
of sniffers is examined in nature, instruments, and applications,
the state-of-the-art is summarized, and future developments are
projected. It is, in other words, a fluids engineer’s view of
olfaction.

2 Fluid Dynamics of Sniffing and Sampling

A brief overview of some pertinent fluid dynamics is given here
as a resource for nonfluids-oriented readers. This is no substitut
for a basic fluid mechanics course, but it does include some his-
tory and a collection of pertinent—if little-known—fluids issues.
The breadth of the topic and that of the anticipated audience pre-
cludes mathematical rigor in favor of an approach based on physi-
cal reasoning, phenomenology, similarity, and scaling.

2.1 Flow Visualization.As elegantly stated by Kling7] and
Roshko[28], solutions of the equations of fluid motion have lim-
ited value without some accompanying phenomenological insight,
usually gained from flow visualizatiof29]. This marriage of flu-
ids, optics, and artistry serves research for purposes of discovery,
exploration, illustration, qualitative insight, and nowadays gquanti-
tative measurement. Modern flow visualization includes a compys
tational element and benefits from both computer and Ias@%densed moisture traces of a rat sniffing on a Zwaardemaker
technology. __mirror, a form of surface flow visualization, courtesy F. Bojsen-

The visualization of olfactory flows apparently began withygiier, and (b) tracer particles disturbed by a dog sniffing a
Paulser]30], who placed litmus paper inside the nasal cavity of Rorizontal surface, and (c) schlieren image of the exhalation
human cadaver head and caused the head to “inhale” ammofi@n a dog’s nose [47]

This early surface-flow visualization method revealed elements of
the internal airflow pattern. In the same era, Zwaardemg&er
observed the flow of breath from the human nostril by way CB’

moisture condensation on a cold mirror. This method is still usef milarity, human[44,45 and lab-rat nasal flow patterns were ex-
in modern times[31] and Fig. 1a). . . amined in water models with dye injection.

More ”.‘°de”‘ attempts to V|sual_|ze the alrflovv_ In _the human In contrast, the optical flow visualization metho@shlieren,
fhdowgraph, and interferomef9,46)) were used only once for
olfactory research47] and Fig. 1c). This requires special optics
: L . - “but has the advantage of imaging air currents without tracer par-
tion of the inspired airflow reaches the olfactory region. ticles. A National Research Council study recommends Schlieren

Brueggemann and Jeckstadt also reached that conclusioninl{é ; ; ;
. . o >™intaging for the detection of explosive vapor pluniés].
193835 following chemical tracer and dust deposition studies in In summary, there is a Wealthpof resourc[:)es gn flow visualization

the nasal cavity of a dog. Daw¢86] used cigarette smoke to 29] that can be used in future olfactory research. Visualization

visualize the airflow through a thin slice of a dog’s nose betwe ould always be done first; it defines the flow phenomena and

clear plastic plates. Such particle visualization is also important Qs the stage for more quantitative and detailed measurements. It
external airflow studies of chemical plume tracif®y,38 and teaches you the physics of the flow.

ventilation exhaust effectivenef39].
Underwater, Teichmann used dye to study the water flow 2.2 Definitions and Assumptions.Sniffing is sampling the

through the olfactory lamellae of an €gl0]. Similar visualiza- surrounding fluid by olfaction, and a sniffer is the apparatus—

tions of both the antennule flows of crustaceans and the chemiaddether natural or artificial—that sniffs. A sniffer has an external

1 Examples of olfactory flow visualization in nature. (a)

umes they detect are shown[#l-43. Invoking fluid-dynamic

1:1[32] to 20:1[33]. Computational fluid dynamic&CFD) simu-
lations, e.g.[16,34], agreed with experiment in that only a frac
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rate Q=V,/At.

The sniff is caused by a reduction in presspgecompared to
ambient pressurp,=p,. The pressure differentid\p=p;—p, in-
duces the desired airflow. Conservation of mass between stations
0 andO requires that);/U,=A/A,, whereU is the airspeed and
A is the duct cross-sectional area. The steady-flow energy equa-
tion between stationsl and[d, ignoring any heat transfer, is

P Vi_p, U3

Fig. 2 Diagram of a basic sniffing process (the actual interior %2 + ?2 +g(hf+=h,) 1)

of a dog’s nose is much more complicated than this ) p 2

whereg is gravitational acceleration andis the gas density. This
familiar relation reveals that wall-friction lossg$s and “minor”

naris, or nostril, and a nasal cavity containing olfactory sensors I@Sseg=hy, occur at the expense of the fluid kinetic energy inside
vertebrates and in artificial noséthough the latter do not also the nose, and are balanced by the pressure differential according
breathe). Invertebrates have their olfactory sensors outside thd®
bodies, but we consider them to be sniffers as well. Sometimes the K(UZ - U?)
sensor is stationary with respect to a moving fluid, other times the Ap=p;-p,= L s
sniffer transports fluid through a stationary sensor apparatus. Ei- 2
ther way, mass transfer by fluid flow is required for olfaction.
Olfaction is the sensory detection of an odor or scent, so
chemical signal in the environment. The sources of such che

cals need not be present for olfaction to occur. Moreover, on mplicated nasal passage, but it can be evaluated fron{2Eq.

trace amounts, not bulk amounts, are required. A trace is a ve, ing basic pressure and velocity data from experiments or
small chemical signal—sometimes only a few molecules. W. ?mputations

McGann has defined trace detection as “the process of samp his textbook material stresses to artificial nose designers the

collection, detection, and identification of targeted substances Nbortance of minimizing the minor losses. Each of these wastes
mea_su_rabl_e by any other means.” For present purposes we (_jraa ortion of the velocity head 1pR)2, and such flow energy loss
no distinction between trace detection thus defined and olfacti st be made up by the lung or biower or pump that drives the
Incompressible single-phase fluid flow is assumed throughq iffing procesgsee Sec. 5.3)2 Narrow flow constrictions are
this paper. Solid particles, when present, represent a_negllgl o lossy{45]. Inside an animal, too many minor losses overload
tmhaf?j fracimnh. Weatkh odorant Conttt_entrgtlonst_ are bpatals've s¢ ﬂreslu_ngs and impede olfaction, if not respiration it$&16). In an
at do not change the gas properties. Reactions between Senzifg.. | nose, after the airstream has been sampled and interro-

S?n?e?mgic:)rr?glngc;our?sqfte:(ljtealg\;\?oigﬁ:g)gnlfxglrr?gsttheeﬂg\rlgl -srgr:z ated, adiffuseris needed to recapture the potential energy of the
y 9 ow before it is discharged to the atmosphere.

although lower dilmensionlality arr]ld ?luasisteadt))/ flclnw aré assumetorning to Fig. 2, if no extraneous unscented air is inhaled
in many practical examples. The flow may be laminar, transj- — ) L )
tional, or turbulent, depending upon a Reynolds number th%?dvsc\vo’ then the odorant concentration in the sensor cham

@)

whereK is a lumped nondimensional loss coefficient expressing
e sum of wall friction plus any duct losses caused by sudden
Ypansions, contractions, bends, &ds not knowna priori for a

ranges broadly over the phenomena of interest. Viscosity is i =r 1S S|mp_IyCSC:C0. Of course this is unll_kely, f_or In reallty'the
ose also inhales some extraneous ambien¥githus reducing
é e concentration of odorant in the sensor chamber by a sampling
fficiency factor s~ V,/V;. The sensed odorant concentration,
then, isCy.= 7.C,. Other inefficiencies can occur, such as signal

h;f_s to the walls of the nasal passages. When particles are present

tions of continuum fluid motion, generally by numerical compul! the odorant cloud, they may also be lost during sniffing by
tation and experimental analog. Often, though, the external floRtting or impactiori57]. Realistically, then, the odorant concen-
of sniffers lend themselves to simpler solutions like potentiaI-roJ\F""t.'On.C‘SC n the sensor Chambef IS of_ten much less tiizn
approximations, where fluid rotation is neglected. Software {hich itself is usually tenuous in the environment. In other words
available to do these simple solutions, e[®1], and some ex- there Is an 'TPEdaT‘ﬁe hmlsmat(f:h c]icuei to _polor sampling effi-
amples are shown later. The underlying theory is covered in flui§i€ncy: by analogy with the transfer of electrical energy.
texts and does not bear repeating here. However, potential-flow-39€¢ impedance mismatches in sniffers are often dealt with by
theory is inadequate for the flow inside an animal’s nose or &feconcentrationin which a fractionms of the odorant massy, is
artificial nose, where friction is important. Several complet82Mpled, usually by being adsorbed or impacted upon a surface
Navier-Stokes solutions of such nasal flows in rats, monkeys, afigring the sniff, and the large original volume of & is dis-
people were done by Subramaniam et [4)6], Kimbell et al. carded(The additional apparatus and ductwork required to do this

[52,53, Kepler et al[54], and Kimbell and Subramaniafs5]. are not shown in Fig. 2 After the capture, artificial noses use a
much smaller volume of carrier gag, to collect the odorant

2.3 Modeling and Scaling.A simple modeling exercise can mass, which is thermally desorbed from the surface, and convey it
help to introduce the key parameters of sniffing. Consider the the sensor chamber. This process takes time, but yields a pre-
rudimentary sniffer sampling the atmosphere in Fig(Nuch of ~ concentration factor,=V;/V, as large as 1000 or more, greatly
this paper concerns ingenious ways of sample acquisition by snifineliorating the impedance mismatch. Natural noses have
ing, the simplest of which is shown in this figuré certain mass evolved the ability to sense trace odorants directly via the sensory
m, of odorant is dispersed in the air within an odor cloud ofissue upon which they collect: a much-faster and more elegant
volume V,, yielding an average odorant mass concentrafign approach.
=m,/V,. A sampler, or nose, approaches the vapor cloud closelyHaving arrived at an odorant concentrati@g. in the sensor
enough that much of the cloud lies within the “reach” of the nosehamber by sniffing, noses sense the odorant by way of a chemi-
i.e., the maximum distance over which it can induce a significapél reaction. In nature, odorant molecules interact directly with
airflow. By inhaling a volumeV; through the nostril at]l over receptor cells mediated by a mucous layer, for example. True ar-
time interval At—"sniffing"—the nose transfers odorant frow} tificial noses mimic this, while other man-made detector types
to its internal sensor chamber, which has a voligg at a flow usually interrogate the captured odorant by spectroscopy. The

nored in external flows away from surfaces. For internal flows
lumped friction loss is assumed for simplicity. All body forces ar
neglected. Readers unfamiliar with these assumptions should ¢
sult a basic fluid mechanics text, e.(#9,50.

The equations to be solved, then, are the Navier-Stokes eq
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natural response to odorant concentration is the psychophysical
power law (Stevens’ laww R~ CJ, wheren is less than 1 and is
dependent upon the particular odorant spefi@s59.

Now from a different viewpoint, the total odorant massg

sampled during the sniff is given by

ms=75- Q- C, - At 3

This shows that higher sniffing flow rates and longer sniffs in- »~
creasems. But does that mean greater olfactory sensitivity?
Stuiver [44] reasoned that a higher flow rate reduces odorant
dwell time upon the receptors and thus elicits less olfactory re- A \
sponse. Mozell et al. and Hahn, Scherer, and Md&8|6Q fur- e sl
ther noted that increasing by raisingAp with fixed At in olfac-

tion studies also increase4 and changes several variables at
once, causing confusion. The design of the sensor chamber alsc
bears upon this questiddiscussed in Sec. 5.3 (

A longer sniff at the same flow rate, however, clearly does
expose the receptors to more odorant mass according to this
simple quasisteady-state mode@thich neglectsadaptation the
loss of sensor response with timé®ogs can do this in case of
weak or inaccessible scents by taking 1/2 Hz “long sniffs” in
place of their normak5 Hz sniff rate[47,61-63.

Finally, the Reynolds number ReUd/ v governs the nature of
this flow, whered is the nasal passage diameter ands the
kinematic viscosity of the air. Below Re-2000-3000, laminar ;
flow is expected in simple ducts, though not necessarily in the <
complicated nasal passagesmécrosmaticanimals—those with
keen olfactory powers. Since is roughly constant at about 1.5Fig. 3 Streamlines (arrowed ) and equipotential lines  (solid )

X 1075 m2/s for air in the near-ambient temperature range, tH{er (@ aflanged, sharp-edged inlet and  (b) a bulbous “natural”
Reynolds number varies mainly with airflow ra@and physical ellmouth mIet._ (The_se planar 2D potential flow solutions are

. ) shown only for illustration purposes )
scaled. The anterior nasal passages of terrestrial vertebrates range
from about 1 mm diameter in the rg84] to a centimeter or more
in the largest animals. Given rat respiratory flow rates in the
100 ml/min—900 ml/min range, a typical Rés about 350 and important design principle for artificial noses: avoid the sharp
laminar nasal flow is assumé83], at least initially. In humans, €dge and the step change in area. It is the natural thing to do.
however, the issue is controversjab]. A definition of the “reach” of an inlet is the size of the region

Underwater,v is an order of magnitude smaller than in air butipwind of the inlet from which all of the fluid is ultimately cap-
the pertinent length scale is also often much reduced. TH&ed[19]. In Fig. 2, in order for the sampling efficiency to
chemosensory haifgesthetasgsof crustaceans, for example, op-approach unity, the reach of the sniffer shown must at least en-
erate with Rg~ 1, where the interplay of fluid viscosity and in-compass the entire odorant cloud. Industrial local-exhaust ventila-
ertia is delicately balance@65] and Chap. 15 of66]. tion has the same problem: The exhaust hood must reach out to

) . . collect fumes from welding, for example, and not let any escape.

2.4 Potential-Flow Inlets. The potential flow approximation, Gjyen the limited reach of a potential-flow inlet, this is quite a
men_tlonec_i _earlle_r, naturally Qescrlbes the flow of ideal fluids intghallenge. For the case of Fig. 2, approximated as a simple sink
suction orlflces_lll_<e thg nostrils of present concern. We can exafy, the induced airspead=Q/ 7rr2 drops linearly with distance
ine external sniffing airflows by simple means, so long as Re {f§nyard of the nostril inlet.
large and both wall friction and flow separation are either avoided pgtential-flow inlets scale up or down geometrically without
or ignored. Ventilation engineering takes major advantage of thiggard for nondimensional numbers like Re, so the reach of an
as is detailed in several referen¢@g-19,67,68 ___inlet also grows linearly with its diameted becauseQ
_In brief summary, potential flow theory reveals that a simple 742y, /4. This works against the small-diameter tubing used in
inlet is not directional. Wile E. Coyote’s ACME vacuum Cleane(/vand-type leak samplers, e.f69]. They have little reach even at

may suck in all sorts of objects from a distance, but that onq extremel, corresponding to choked flow, and must be physi-
works in the cartoon world. In reality an inlet draws fluid equall)éa”y inserted into an odorant cloud to sample it.

from all available directions, so its influence drops rapidly with
distance. Consequently, except for the case of airborne scen2.5 Turbulent Jets. There is a key distinction between the
plumes, sniffing is not a stand-off activity and proximity is esserbehavior of potential-flow inlets just described and fluid jets:
tial for a nose to acquire a localized scent. while inlets are omnidirectional, jets can be vectored. Aim an air
Potential flow also explains the inefficiency of a simple fregiet in a certain direction and it maintains that direction in still air.
standing pipe as an air inlet: Even when aimed at something,Tihe “reach” of a jet, then, is many times longer than the reach of
draws air equally from behind as well as from in front. It furthean inlet having the same flow ra@. Jets thus project fluid mo-
has a high loss coefficient, 0.93, meaning that it wastes 93% of tinentum at a distance.
velocity head 1/aU2 A flanged inlet, Fig. 8) is an improve- The turbulent jet literature is vast. Useful surveys of it for
ment: The forward reach is extended by excluding any suctig@mesent purposes are found in Chap. 41of] and in[70-72. The
from the rear hemisphere. Still, the sharp-edged inlet orifice hagexent discovery of synthetic jets is also pertinet8].
loss coefficient of 0.49. Whether a nose is powered by lungs orA jet entrains fluid from all directions perpendicular to its axis,
batteries, such an unnecessary pressure loss is a burden. which causes it to grow linearly in diameter with increasing dis-
Nature abhors sharp edges in favor of smooth, bulbous, aetance downstream. The volumetric entrainment rate of turbulent
dynamic nostril inlets like the one shown in FigbR Also called jets is approximately 0.23AY?, wherex is the distance from the
abellmouth this inlet has a very small loss coefficient. Here is anozzle andA is the nozzle cross-sectional afgd].
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and they faithfully follow streamlines, but foBtk greater than
about 1, impaction of particles upon obstructions is likely. This is
the basis of devices calleichpactorsthat collect particles from
flowing fluids.

Consider airborne particles of unit specific gravity anddf
diameter, having masses of about a nanogram eachU If
=30 m/s and_.=1 m, roughly the speed of a car and the size of
its windshield, thenStk=0.009 and the subject particles will be
likely to flow around the windshield without striking it. But if
L.=5 mm, the diameter of the radio antenna, tf&tk=1.8 and
impaction is much more likely. Calculations like this are useful in
the design of particle collectors, the loss of particles during trans-
port in tubes, particle settling time, terminal speed, and the depo-

0 100 200 300 400 500 600 sition of inhaled particles in the nose and luri§3,84—84.
Jet stagnation pressure, kPa

-
[&)]

[4,]

Mass of RDX detected, nanograms
=

8

2.7 Advection Versus Diffusion.Advection is bulk fluid mo-
Fig. 4 Portal results of liberated RDX particle mass as a func- tion whereas diffusion is the molecular spreading of one fluid into
tion of impinging-jet stagnation pressure [83] another without bulk motion. These distinct phenomena are often
confused in the olfaction literature. In Feynman8&7] classic
classroom example gone wrong, diffusion is taught by opening a
When a jet impinges upon a solid surface it tends to attach agdttle of ammonia and waiting for the student in the back of the
to exhibit starting impinging jet behavig74]. Free jets impinge room to say “I smell it.” But if diffusion is the only transport
upon surfaces to become wall j¢#&5]. mechanism, he will not smell it by the end of the class, or even the
Even though jets seem at first antithetical to the present goaldid of the semester. In reality, the ammonia molecules are quickly
sniffing, they can be useful on at least two counts. First there tignsported by the advection of air currents around the room and
jet-assisted olfaction, where jets help to focus the suction of@ thermal convection currents generated by the people in the
sniffer in the forward direction to improve its reach, Secs. 4.3 0m.
and 5.2.4. Second is the use of jet momentum to stir up the envi-Thjs point is often made but the confusion persists, even though
ronment, resuspending settled particles and making them availaglgay be just an imprecise choice of terms. Airborne odor trans-
for olfaction as shown in Fig. (b). . port in the nasal cavities of vertebrates has been attributed to
Phares, Smedley, and Flagan at Caltech have studied the sec@fitlsion [3,88,89, but that too is unlikely.
topic at length[76]. They explored the effects of Renozzle  \pgel draws an elegant comparison between diffusion and ad-
height, and jet velocity profile on particle removal using botiection for a popular audienc§90], p. 182. Diffusion only
normal[77] and oblique 78] jets, and found that surface particlesyorks over short distances and thus depends on the size of the
respond to the shear stress imposed upon them by jet ifif@ict fio\ in question, “But even in air, diffusion remains glacially slow
Particle removal depends on particle size and jet duration as wWgl} \what we regard as ordinary distances.”
[80]. With these results in hand, they examined previous resuspenThe relative rates of advective versus diffusional transport in
sion theories and proposed a new model. Other recent investiggids are described by the nondimensional Péclet number,
tors[81] also studied this topic, and ori82] suggested an anal- pg5 /D, whereD is the diffusion coefficient of an odorant

ogy with heat transfer enhancement by pulsed jets. molecule in the fluid of interest. When Pé=1, the rates are equal.
In applied experiments in the Penn State Gas Dynamics Lalg

. L S eturning to the rat's-nose example of Sec. 2.3Llet1 mm and
ratory [83], short-duration air jets from round nozzles impingeq; g5 /s [53]. Diffusion coefficients of typical odorant mol-
upon human subjects whose clothing was contaminated

¥ules in air are broadly in the range of 0.1—0.3ts91], yield-

10-micron-range trace particles of the explosive cyClgny 5 rars-nose Péclet number of several hundred. Only at much-
trimethylene-trinitramine(RDX). Dislodged particles were col- | 0r airspeeds and length scales can diffusion matter in this

Iecth(Sec. 6.3.2and quantified with results shown in Fig. 4. Ingp; ing example. But there are certainly cases where diffusion
addition to the shear-stress mechanism described above, iner; akters in olfactory sensing, such as lobster “sniffif@2,93.

detachment of particles also occurs due to jet impact ruffling o Griffy [94] calculated the time required for a trinitro-toluene

the clothing. No matter what the mechanism, though, jet impingern 1) homp to produce a saturated TNT vapor level in a room by
ment has become the principal means of liberating trace partic

f le f vsi dd N bl . e diffusion: hundreds of days. He concluded that airborne ex-
rom people for analysis and detection In a reasonably nonintfirqive vapor detectors are unlikely to succeed unless they are

Sivé manner. orders of magnitude more sensitive than needed to detect equilib-

The quasilinear response shown in Fig. 4 is understandablegifiy, \anor levels. But let us not abandon vapor detection alto-

that the nozzle-to_-person di_stan_ce was fixed in the_ experime her, so long as there are air currents to convey the signal and
and the nozzle exit was sonic. Since jet momentum is conservefisa s poking their noses into nooks and cranrge also Sec
an increase in stagnation pressure thus produces a proportiqygﬁa '

increase in jet momentum, which is thought to be responsible for
inertial particle removal from clothing. 2.8 Vortex Flow. The potential-flow vortex is a rotating flow

. . . with a strength determined by its core singularity. It has no radial
2.6 Particles and Stokes NumberCan particles in a flow velocity, circular streamlines, and a circumferential velocity field

follow streamlines, as molecules do by definition? This question i gies off as the inverse of radius from the core. Vortex flows
answered by considering the nondimensional Stokes number, & covered in elementary fluids textbooks, but see also Lugts

ratio of the aerodynamic response time of a particle to the Ch‘%réholarly book95] that appeals to a broad audience
acteristic flow time, ;

What relevance do vortices have to sniffing? At least one man-
py-d2-U made sniffer uses an apparent vortex as its operating principle
Stk= Ig_p_L (4)  [96]. The puffs on either side of the dog’s nose in Figh)lare the
ke starting vortices of impinging nostril jets. The bellmouth nostril
wherep, is particle densityd,, is diameter,u; is fluid viscosity, flowfield of Fig. 3b) is produced by twin counter-rotating vortices
and L. is a characteristic length, such as the size of a flow olfhidden inside the nostrilsand so on. Vortices are everywhere.
struction. AsStkapproaches 0, particles have no significant inertia One vortex of special interest is th@akeor inlet vortex. There
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cern, since they must sample a representative population of air-
borne particles. Isokinetic sampling helps to accomplish this. Out-
door samplers also require inlets that are insensitive to the wind
direction. Rooftop inlets are often symmetric about a vertical axis
for this reason, while thin-walled sharp-edged inlet tubes can be
shrouded to make them less sensitive to variable wind direction.
There are many commercial samplers available, from the liters/
min range up to about a 19 liters/s flow rate for large rooftop

models[84].

Aside from filtration[101], impaction (Sec. 2.5 is the most
common means of separating the particles from the airstream in
these samplerkl3,84,102. Multistage impactors further classify
particles into several size ranges. This matters in air pollution

S measurement but is not an issue in olfaction; a single-stage im-
pactor can sample all the particles above a minimum diameter

Fig. 5 Inlet vortex into a vacuum cleaner hose with a cross together if purely for chemical detection.
breeze, visualized by coating the ground plane with talcum A dog’s nose collects particles by impaction in the nasal vesti-
powder bule region, where the respiratory mucosa are moist and sticky

[103]. Preventing impacted particles from bouncing or blowing
. o . off is likewise an issue in man-made impactors, where a wide
are photos of vortex cores extending from the idling jet engmesi riety of sticky coatings is usdd3,84,102,10%

parked aircraft, touching the ground like mini tornadoes and Suck-anqther approach is the virtual impactor, which preconcentrates
ing up debris. It is a common fallacy that the jet engine creates {§Sricles in the sampled airstream by a factor of 6:1, 284] or

own inlet vortex[97], but researchers in E. M. Greitzer's 1ab a%, e, 55:17105]. The particles remain airborne, which helps trans-
Massachusetts Institute of Technology have demonstrated thaﬁd’ﬁ them to an analyzing instrument. Design rules for virtual

cross breeze is also requir®B] in all cases except those of 'nletsimpactors are given ifi84].

with SWi.” va_nes[gs_)]. The cross breeze sheds a line vortex from Other than inert particles, there are also bioaerosols to be
the engine inlet lip that turns downward and attaches to t %mplec{12,25,106—10}3 With such a bewildering array of spe-

ground. cies already present in the air, detecting a biological warfare at-

The inlet vortex can be duplicated on a tabletop using a vacuymy, -
X g . is a problenj109]. The sampling step must not harm these
cleaner and fan according to Stofi0]. This instructive demon- live airborne particles, since a culture is often required to identify

stration is not difficult(Fig. 5), but its stability is greatly improved them [110]. The analysis step may also require a liquid sample

if one places a screen or flow straightener after the fan produumge that provided by impingers and some cyclone samplers, pu-
the cross breeze. rification may be needed, and a high sample concentration is

2.9 Frequency of Animal Sniffing. Although dependable called for[12].
fluid-dynamic data on olfaction are rare, enough exist to estimate,

the nondimensional sniffing frequency of at least a few animal\'/séjsf3 h‘len;:%ogﬁse ?;Ep:;?gmlgg% or ;'(r:kqg&ll'gnCO:Sr:%?gfntehein‘:S];ﬁ_
This is the Strouhal number, Stfd/U. For the rat, dog, and 9, g sy '

human, respectively, the available data are approximately as 1‘8'I92t \r:entllalt_lon,' etc[hlll—hllg. Airborne salrlnp_llng indoors began p
lows: dimensional sniffing frequendy= 10, 5, and 2 Hz, charac- with the realization that the dangerous pollution sources are under
terisfic nostril dimensions=1. 7. and 13 ’mr’n and chalracteristi our noses, including chlorinated water, dry-cleaned clothes, moth-
airspeedU=8, 5, and 3 m_/s[’33’ 47,53,89 Tr,1ese values yield Cballs, air fresheners, cooking, paint strippers, solvents, radon gas,
Strouhal numbers of about 0.008 for the dog and human af) d especially tobacco smokEL2). Large government-sponsored

e dies like Particle Total Exposure Assessment Methodology
0.001.4 for the rat. Thus sniffing is a slow process compared to t EAM) [114-11§ in the United States and others abroad
flapping of animal appendages for propulsion, where Strouh

numbers are up to two orders of magnitude larger. Aquasisteas\é-oweOI that personal Pilexposure levels measured by lapel

flow approximation is justified in the analysis of sniffing airflow: mlplers are s(ljgtr)ufl;:.an:jly hlghler than either outdoor or indoor
[33] at this low frequency. It may be that animal sniffing rates a gVEls measured by fixed samplers.

based, at least in part, on the need to provide sharp gradients 08.2.1 Personal activity cloud or human boundary layer?

odorant rather than a constant odorant level to the olfactory semithout questioning the results or significance of PTEAM, here is
sors. Adaptation works against high sensitivity in the limit as thgn alternative fluid-dynamic interpretation. A “personal activity

sniffing rates approaches zero. cloud” was proposed by PTEAM investigators as the source of the
N ) measured discrepancy in exposure ley&ls,117. Wallace[118]
3 Traditional Sampling Issues and Methods explains: “It is almost as if the participants were walking about in

Sampling the environment is important to society. So much h

been written on this topic, including several thorough reviewd1€ character in théCharles SchulzPeanutscomic strip. .
that it serves the present purpose only to give a brief overview | € cloud analogy and the comic-strip reference are sadly mis-
with some key references, noting the issues relevant to snifﬁndr.ead'ng' though, for what actually happens is not a cloud at all but
ather a rising thermal boundary layer that separates to form the
3.1 Airborne Particle Sampling. The U.S. Clean Air Act human thermal pluméFig. 6(a) [46]). It was first shown by Clark
controls particles in the atmosphere in order to protect publimd Cox[24], Lewis et al[119], and Clark and Edholrfi.20] that
health and prevent environmental damage. Airborne particulathe temperature difference between people and ambient air drives
in the <10 um (PM,g) and<2.5 um (PM, 5) aerodynamic diam- a natural-convection boundary layer beginning at the feet and
eter range are regulated by law according to National Ambient As$eparating from the head and shoulders. Thus the “cloud” analogy
Quiality Standards. Compliance is monitored by samplers thaterlooks the strong vertical transpdit ~0.25 m/s,Q up to
draw in ambient air and collect the airborne particles by any &0 liters/s[121]) in the airflow about a person. This transport not
several means, including impactors, cyclones, filters, and electomly presents floor-level contaminants to one’s breathing zone, but
static precipitator$13,25,101,102 also entrains the surrounding air and its particle burden at all other
The aspiration efficiency of these sampling inlets is one cofevels below the breathing zone. Quotii®?2], “The natural con-

%eir own personal cloud of particles, a sort of Pigpen effect, after
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press this shedding of our DNA, and collecting it for analysis is
certainly possible according to principles to be described later
(Sec 6.3. Ethical questions about this possibility remain to be
resolved, however.

Meanwhile note that a thorough study of the airflow in the
human breathing zone, including flow visualization, quantitative
measurements, and CHR30] has apparently not been done, so
there is much still to learn about the reach of inhalation, the pen-
etration of exhaled nostril jets, particle intake, and the proper lo-
cation of personal samplers. Where to locate a personal sampler
on a breathing person, considering the nose inlet flow and upward
boundary layer motion, still remains an open question. In seeming
proof that nothing is sacred, even intranasal samplers are used to
sample incoming particles inside human nostrils, thus avoiding
this pitfall [131].

3.2.2 Personal samplersReferences[14,15 describe the
state-of-the-art of small battery-powered personal samplers to be
worn by human subjects for particle exposure monitoring in stud-
ies like those just described and in industrial hygiene assessments.
Typically a battery-powered diaphragm pump draws in the
sampled air at a few liters/min through a sorbent tube, filter, im-
pactor, or cyclone. The inlet is usually connected by tubing to the
pump, and is attached to a subject’s collar or lapel to sample
breathing-zone air. A miniaturized five-stage personal cascade im-
pactor is availabl¢132] to classify particle sizes. The SKC Cor-
poration’s Button Sampler is a collar-clip filter sampler with a
porous curved-surface inlet having low wind sensitiVity3].

Mannequins are used to test personal samgle34,135, but
they do not always properly simulate people. A department-store
mannequin is the worst case, for it has neither body heat nor skin
flakes and it cannot breath#36]. Human subjects are thus pref-
erable to mannequins here and in any experiments involving the
human thermal boundary layer and plume.

(b) e L (X1

Fig. 6 (a) Schlieren image of the rising boundary layer and 3.2.3 Hand vacuumsHand vacuums are simple, versatile,

thermal p'ulmet from a human being f('-' dJ' DOdSO”t ) d[ﬁs] and (b) fjter-type “dustbuster” sniffers. They see regular use in sampling

zﬁﬁ]n?;gge? eﬁ.r%r.] rgg\r;asgic;py '[ngelg 4i Aecsgourzmg eto Su;?;rlljck the clothing and Iu_ggage of aircraft passengers. The filters are

[125], “They are cornflake in shape which gives them an aero- made of cellulose fibers, glass or quartz fibers, membranes, poly-

dynamic characteristic.” c_arbo_nate pore material, or plastlc foam. In security screening the
filter is removed and heated in a desorber, driving off collected
traces to be detected, usually, by an ion mobility spectrometer
[137].

vection boundary layer around the human body is capable of . .

transporting particles such as dust, skin scales, pollens, and sporek2-4 Wand-type sniffer probesVand-type sniffer probes

and provides a link in the chain of airborne infection.” were singled out in Sec. 2.4 for their short reach. Nevertheless a
A second problem with the PTEAM interpretation is its disreSimple probe or wand at the end of a hose is a popular way to
gard for the role of human skin flakes: “body cloud emissiondoke around and sniff for something. Leak detectors often use
are...not considered here as a component of the personal actiWinds for gas collection and they are considered prior art in sev-
cloud effect’[117]. In fact, human skin is easily the most preva€ral inventions, e.g[138]. A search of the technical and patent
lent particulate in the human thermal boundary layer and plume literature for the term “sniffers” mostly yields such leak-detection
complete layer of human skin is desquamated every 1-2 dag@uipment with long hoses and hand-held, pointed wands in-
[24], releasing a million skin scales/min with a 14n average tended to pinpoint leak$9,139. In one case a filter at the end of
diameter and a size range of 5—ffn (see Fig. 6b) [123,124). @ long hand-he]d _hose samples particles in clean room environ-
Most inhaled air comes from the human boundary layer that cofents(140], while in another a heated probe tube feeds a portable
tains these particles, from which 6000 to 50,000 5480 9as sampling systefii41]. A person probing with a sniffer wand
particles/liter of air enter the human nose. Most clothing is pei§ like an elephant exploring with its trunk: Both animals are too
meable to this particle stream. Ordinary house dust is found undfky to get into tight places without the aid of an olfactory ex-
microscopic examination to consist of 70%-90% human skignsion tube.
flakes covered with microorganisms. According to Syrol5], 33 outdoor Sampling. Sniffing outdoors raises further com-
if you walk at 11/3 m/s(3 mph you leave behind 500 skin pjicating issues having to do with flight, the weather, and chemi-
flakes/m. The weight of this evidence on the significance of skyy, plumes.
flakes in the human microenvironment ought to be hard to ignore
(see alsd125-129). 3.3.1 Sampling by flight vehicleSampling by flight vehicles
Moreover, human skin flakes contain mitochondrial DNA, eveinvolves a mobile sniffer moving rapidly through a relatively im-
though they have no cell nuclei and thus no nuclear ON29]. mobile atmosphere. Man-made flight platforms for air sampling
We thus continuously shed gross samples of our mitochondriainge from miniature unmanned aerial vehidld8\Vs) [142—-145
DNA into the surrounding air. Anthropologists sequencing tingo full-sized aircraff 146—148. Beginning in the 1970s, NASA's
remnants of ancient mitochondrial DNA must be scrupulous ®5 m-wingspan Mini-Sniffer§149] pioneered UAV sampling of
avoid contamination from their own airborne skin. We cannot suphe atmosphere at high altitudes. Since then the potential of UAVs
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Fig. 7 Sampling inlet probes on the NASA-Dryden DC-8, (a)
heated, Teflon-lined PANAK probe, (b) U. Hawaii shrouded
probe [147], (¢) nacelle-mounted ATHOS probe [146], (d) wing-
tip mounted aerosol scattering spectrometer probes, and (e)
shrouded POPS probe (NASA photos )

for biological agent detection has been explofed4,145, and a g

recent Defense Advanced Research Projects Administratif=:

(DARPA) program spawned microair vehicles that could be simff,.

larly employed for sniffind142,150.
In contrast, take the current Intercontinental Chemical Trans- . . . .

port Experiment-North America as an example of sampling fromd: 8 Schlieren images of high-Rayleigh-number thermal

. S . . convection from a suddenly heated horizontal surface, simulat-
full-scale aircraft[151]. Its principal flight vehicle, the NASA- ing the earth at sunup on a windless day, courtesy J. C. Mol-

Dryden DC-8, bristles with sampling probes of all sorts. Five angngorf [167]. (a) Early thermals, (b) a forest of starting thermal
shown in Fig. 7[146,147. Most of these feature shrouded inletslumes deveiops, with both their crowns and stalks visible, and
to minimize flow angularity effects, after Kiel’s original shroudedc) fully developed thermal convection field. These pictures
Pitot probe from the early days of aeronaufi§2]. compliment those in the literature using tracer-particle visual-

In principle, it appears easy enough to extend a tube throughiagtion. Here an integrated view is shown, though one can
airplane window and sample the air. Some further design refirig1agine the depth effect
ments are obvious, like mounting the probe on a strut to get it

outside the airplane’s boundary layer. For chemical species in lﬁf . . L .
upper atmosphere, though, there is the concern that they will re breeze is too stiff159). On_ t_he other har!d wind interactions
obstacles offer opportunities for olfaction, such as sniffing

with the walls of the tube. Particle sampling is an even great 4

. : f e recirculating flow downstream of a buildifig60].
concern: Recalling the Stokes number from Sec. 2.5, whéa Moisture levels are still another matter. Although the effect of

hundreds of m/s it becomes hard to prevent particles from impact perature and humidity on human olfaction is controversial
ing inside the probe rather than being conveyed to the mstrumeEi ], various investigator§161,163 show that an increased soil

inside the aircraft. Likewise the airflow angle with respect to th

probe axis is not well known. These issues combine to make arppisture level generally aids olfactory trace detection by animals,
borne sampling probe desigﬁ challenging whether of buried food or land mines. Extreme aridity, on the

Wind-tunnel test$153] are often used to verify that new probeOther hand, may so dry the mucous membranes of a dog's nose as

. L : 4 -1, inhibit olfaction.
types can achieve isokinetic sampling and deliver a true partlé% h . .
sample. A good reference summarizing inlet probe design for air-AISO there is the issue of the buoyant odor-bearing thermal

X . L lume[70,155,163-16b As an example, consider the following
craft samplers i§154]. The topic is revisited in Sec. 4.3.13, wher LI e r
we will see how birds solve this problem. ‘{)andmlne detection scenar[d25,166: The surface temperature

of the soil varies some 30° C daily, depending on local conditions.
3.3.2 Micrometeorologyln nature, sniffing must take placeThis desorbs some trace explosives—where present—from the
outdoors under all manner of weather conditions. Sun or cloudmil surface over a buried landmine, creating an airborne vapor
calm, steady, or gusty winds; moisture levels; the temperaturessignal. What becomes of this signal, however, depends on mi-
the air and terrain, all play a role. The broad field of micromete@rometeorology. On sunny days a strong temperature gradient de-
rology [155,156 is not reviewed here, rather just a few issueselops above the soil, which can be 40°C hotter than desert air.
pertinent to sniffing. This produces unstable thermal convection, transporting any des-
First, consider the winfi157]. The lowest atmospheric level is orbed explosive vapor upward and away. Measurements show that
a turbulent planetary boundary lay&PBL) that we perceive as typical thermals arise from surface areas of 1 or mofernise at
wind. Meteorological calm, 2.2 m/s or 5 mph, is still a significanspeeds of about 1/4 m/s, and occur at frequencies in the range of
breeze for bioaerosof407], insects, and even people, whose thed/min [155]. Visualized thermals(Fig. 8 [167]) show typical
mal plumes become wakes at a much-lower airsg&at. 6.3. mushroom-shaped convection cells. Under such adverse microme-
Sniffers operate in the smallest local regime of micrometeorologgorological conditions no stable layer of trace explosive can be
the bottom 2 m or so of the PBL's roughness layEs6]. Even so, expected above a buried landmine.
ill winds readily disrupt sniffing by dispersing chemical traces The situation improves, though, from sunset until morning. A
[158]. Moths, for example, cannot track pheromone plumes whaiable boundary layer often forms above cool soil in the summer.

196 / Vol. 127, MARCH 2005 Transactions of the ASME



Through the night, explosive vapor from buried landmines ce §
accumulate in this layer. Thus mines are most detectable durii;y
the evening, night, and early morning in calm weather when t
ground is moist. K
Given a prevailing wind, however, the situation is dramaticall- J5%
complicated by mixed free and forced convection, both unstatio./
ary and fully turbulent. In sunny weather, thermals are shear
horizontally and mixed out by turbulence. A light horizontafg
breeze, less than 1 m/s, is enough to tilt the thermals over signiagyty.
cantly. For higher wind speeds, forced convection dominates ati&

ag?/t:é(rgozve.xiﬁgrgg[n ﬁé?lgegﬁl?rgnlﬂcgg g'lg;idlggstg?;j—;g. 9 Satellite photo of the ash plume from the e_rupt_ion of
p way | ' M ! g ount Etna on October 29, 2002. The plume direction is SSE

mines under such adverse weather conditions. over eastern Sicily, the city of Siracusa, and the Mediterranean

3.3.3 Chemical plume tracinghis naturally leads to a recent 36 The lateral scale is roughly 200 km, and the scale of the

“hot” research topic, chemical plume tracing. The ability to follo jargest visible eddy (e, the plume width ) is perhaps 10 km.
! . : . Mohoto PIA03733 by the NASA GSFC/LaRC/JPL MISR Team

tenuous outdoor plumes in nature rewards many animals with
food or sex. The fluid dynamics of plumes and how to follow
them is thus a part of sniffing as we define it here. It was also t
subject of a recent DARPA/Office of Naval Resea(€iNR) pro-
gram that funded multidisciplinary studies to understand chem
plumes in nature and to develop artificial plume tracing syste
More details are available i%1,92,168,169

?uerther study. In that the few fluid-dynamic studies of sniffers
i qnducted to date have yielded interesting results, e.g.,
’_@6,32—34,47,65,92,93,176,]]96here is clearly more to learn

rom nature’s broad range of sniffing systems. What man-made
ﬁgiffers have to offer thus far is paltry in comparison.

Briefly, much of the research to date concerned insects in t E&efe we will examine an abridged but representative phylo-
atmosphere and crustaceans in the ocean. The small-scale plum ic cross section of the animal kingdom, with at least one ex-

these creatures track are nonetheless large enough that the Ig%?'le from each vertebrate clagsammals, birds, reptiles, am-
nolds number dictates fully turbulent flow. They are highly inter: igians and fish but only examples from t'he arthro pod h um

mittent, having large scales comparable to the plume width anda’ ‘b ! - ly h pes ol h P f\ Iy f
cascade of finer-scale eddip%l,17Q. They spread downstream ° invertebrates. Special emphasis is given to the morphology o

: . ) . : mmalian sniffer§Fig. 10. Taxonomic and phylogenic infor-
{ahnec:r Cﬂ?g;?]'nstfbr(ii:né‘fésle?ﬁg?%mss stream chemical gradlentsmgtion is obtained froni197-20Q, and anatomical terminology

An animal’s response to this intermittent stimulus is compli[-201] is adopted except for a fgyv common-usage lapses. .
ature, over some 300 million years, has explored animal

cated. Insects and crustaceans have sensory appendages that

vide them with plume informatiof42,175,176. Lobsters, for ex- shi Ing systems quite thorpughly. Fossil animal DNA was re-
ample, flick their antennules to sample the environmeﬁFntly recovered and studied up to about 100,000 years ago;

[92,93,177. Both chemical orientatiofchemotaxis and flow ori- enough to address some far-reaching evolutionary questions and

; : . hake up the old phylogeny in placg202]. For example, from
entation (anemotaxis are invoked[175,178,179 Generally up- > k€ U . > .
wind progress toward the plume source is modulated by turns fl‘?&sr': mltoch(_)ndrlal DNA agdtqth;ar fewd_lence% tﬁamdaeappear
sometimes by “castingf168,18(. Weissburg takes an overall5°0 f’jlll\.’e arisen aslgg 20'3 I\?V(': hi ar::.' yf O'I cz;rnlvonfesd some
view of the fluid dynamics underlying this animal behayin70). million years agg199,200. Within this family the wolf, dog,

Robots employ such natural plume-tracing principles with var X, raccoon, bgar, weasel, and jackal have nearly |den§|cal nos-
ing degrees of success. Man-made chemosensors are curre 45/ TheHyaenidaeappeared sepa}rately abou_t the same time, and
inferior to natural ones in terms of speftBd], but nevertheless &'¢ More closely related to theverridaeandFelidaethan to dogs
several robotic plume tracers have been developed and tes@g&ordlng to the DNA record200]. Hyenas nonetheless sport

[41,181-18% including the “Robolobster{186]. very dog-like muzzles and nares.
Standoff detection of small localized chemical plumes is a cur- Despite all her diversity, though, nature never developed one of

rent security concerf48]. Understanding explosive vapor plumeour most clever man-made devices: the turbomachine. Bellows

dynamics, for example, is helpful in the development of spectrfi‘-Ct'On remains the natural way to pump.flu[d:fn)S].. Qn this ac-
scopic standoff detectors. Such plumes may have very low cdfpunt a small, low-power pump or fan gives artificial olfaction a
centrations of chemical vapdisee Sec. 2)6 but they can be

sought and interrogated based on their buoyancy or momentum,

which drives the trace chemical transport. ORDER FAMILY NAME
These small-scale plumes are in stark contrast to the huge natu- Carnivora Canidae dog
ral and man-made plumes that have grave environmental and se- .o Felidae cat
curity implications[187]. They are sometimes visibly tagged with Perissodactyla Equidae horse
particles, as in Fig. 9, but also sometimes quite invisible. Several Artiodactyla Suidae pig
horrific plume accidents now serve as case studies, including Bho- w o Bovidae cow
pal and Chernoby[188-19Q. Large-scale computational plume Chiroptera Vespertilionidae  bat
modeling, e.g.[191], is driven by the knowledge that plume- Proboscidea Elephantidae elephant
generating weapons of mass destruction are within the grasp of Lagomarpha Leporidae rabbit
terrorists. Plume dispersion in cities, driven by convoluted local Primates Hesifidee I
meteorology due to buildings, is especially challendibg?2,193. Rodentia Muridae rat
Didelphimorphia  Didelphidae opossum

4 Nature's Sniffers and Biomimicry

. . Fig. 10 An abridged phylogeny of mammals for the study of
4.1 Narial Morphology and Evolution. Almost no one ex- external nares evolution. For brevity the common name is

cept Negug194] and Bang[195] has shown enough interest ingiven in place of the scientific species name. Time progresses
the external animal nares—the nostrils—to do a morphologicabniinearly from left to right for compactness, and branches

study. It cannot be done justice here for several reasons, bulindicate evolutionary divergences of a group (the lower arm )
least one can take a peripheral look and open a prospectus ffom the general mammalian stock
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certain advantage over nature’s devices: It can inhale air contirf# ¥
ously and efficiently, and exhale it somewhere else. Even ¢
when it comes to mimicking nature’s olfactory sensors, their fluic
dynamic sophistication and their direct connection to the brain, v

are still far behind. ’

4.2 Biomimicry. T. H. Huxley said “Sit down before factasa =~ *
little child, be prepared to give up every conceived notion, follov
humbly wherever and whatever abysses nature leads, or you \(a) 5
learn nothing.” Biomimicry is innovation inspired by observing
nature, learning her lessons and deliberately copying them in m:
made device$204]. Here, for example, the study of narial mor-
phology may lead to better sniffers for the new generation ¢
artificial noses now becoming available. This dual need for fut gxternal
damental studies of mammalian olfactory systems has been rnares
ognized by funding agencies including the U.S. National Scien:
Foundation 205].

", ethmoturbinate region
i & olfactory epithelium

ventral

maxilloturbimte
meatus y

4.3 Internal-Flow Noses of the Vertebrates.In mammals
and many other vertebrate species, nasal passages lead from ) o )
external naris through a maxillo-turbinate region, past the olfac-
tory mucosa—nature’s sensor chamber—to the nasopharynx afigl 11 External nares of a Golden Retriever  (a) during inhale
thence to the lung$3,206. Olfaction is further aided in some and (b) during exhale portions of sniffing cycle [47], and (c)
species by a dedicated olfactomotor sys{é8] that drives nostril solid cast of the nasal cavity of a dog reconstructed from CAT
motion during sniffing by way of elaborate musculature. scans [62] (cast provided courtesy T. S. Denny Jr., Auburn

Every species shown in Fig. 10 is macrosmatic except humativersity )

In two cases, mammals of the same order are compared in order to

emphasize diverse narial evolution in closely related species. All

species shown are also of the infracl&sgheria(placental mam- chemicals(see also Sec. 6).1Thesen et al[218] and Steen et al.
malg except the opossum, a marsupial, who belongs to the inff@19] studied canine olfaction in outdoor tracking experiments.
classMetatheria Morrison [62] and Johnston et a[.103] reported basic experi-

One must beware here, given nature’s penchant for multipieents on the canine olfactory system, including tomography of
functionality, not to confuse other roles with olfaction. Respiratiothe nasal cavity and a particle deposition study. Most recently,
is intimately connected with olfaction in all of the considere®ettles et al[47] visualized the airflows associated with the ca-
species. Nasal turbinates, for example, are not “turbulatonéX-  nine external nares during sniffing. Based on this historical record,
ing device$, but rather air-conditioning devices for heat andnodern anatomical references now reveal the detailed internal
moisture exchangf36,206—209 They provide additional olfac- structure of the dog's no§@20,221.
tory surface area and generate vorticity even so. Further concerfhe canine external nares are shown in Figgajland 11b).
arises in using the fossil record to trace olfactory evolution, sindéegus[194] first noted that mammalian nostrils give direction to
fossils do not preserve the soft nasal tissues. the inspired air, then Stoddd&] found that the nasal swell body

. . . (alar fold) just inside the nostril controls the direction of the air-

4.3.1 Dog The dog's nose is recognized as the gold standajg,y into the nose. The high-speed video observations underlying
of olfactory acuity. T_here are many good sniffers _shown in Figsjgs. 11a) reveal the opening of an “upper orifice” above the alar
10, but dogs are easiest to train for olfactory detection. Our clos%% during the inspiration phase of sniffing. Upon expiration,
animal companions, they are the cheerful butt of endless sniﬁiﬂgwever’ this pathway closes, the nostril flafEgy. 11(b)], and
humor because we cannot appreciate the rich olfactory envirgfyr js ejected ventrally and laterally through the midlateral slits
ment as they can. They are the ultimate mobile, instinctive, 'nte(hasal sulcag[47].
ligent sniffing platforms. ) o Figure 11c) [62] shows the upper and lower airwé&jorsaland

A brief history of canine olfaction research begins in 1938entral meatusleading from the external naris into the maxillo-
when it was shown experimentally that the majority of inspired aifjrbinate region of the canine nasal cavity. The external naris mo-
bypasses the olfactory epithelium, which is offset from the maifbn just described, driven by several olfactomotor musf2es),
airway of the nasal cavity35]. Dawes’ experiment$36] then causes the dorsal meatus to receive inspired air and the ventral
revealed that currents from the main airstream pass freely into #atus to deliver the spent air for expiration. The dorsal and cau-
olfactory region during expiration as well. Becker and K[230]  dal direction of the inspired air channels it directly toward the
likewise found different pathways for inspired and expired aiglfactory region of the dog’s nose.

Neuhaug211-213, however, was the first to carry out extensive The expired air jets, on the other hand, are vectored by the
research on canine olfactory acuity in the 1950s. He found thatBape of the “nozzle” formed by the alar fold and the flared nostril
dog can detect 1 mg of butyric acid dispersed throughoftn®0 wings (nasal ala, Fig. 11(b). Thus the external naris acts as a
of air, i.e., the volume of an entire town. Nedi®94,20§ made a variable-geometry flow divertd@7]. This has three advantages:
broad comparison of olfaction among many species with the deg it avoids distributing the scent source by expiring back toward
as chief sniffer. Syrotuck125] examined canine scenting andit; (2) it stirs up particleFig. 1(b)] that may be subsequently
tracking in terms of physical and chemical phenomena. He esiispired and sensed as part of the olfactory process;(and
mated that the detectable “ground scent” left by a human migéhtrains the surrounding air into the vectored expired [jEtgs.

last 8—16 h. Zuschneifi61] discovered the long canine sniffs.1(b), 1(c), and 13, thus creating an air current toward the naris
Neuhaug89] further examined the anatomy of the nasal passagfgem points rostral to it. This “ejector effect,” shown in Fig. 12, is
and the role of sniffing in olfaction. Schreider and Ra§b4] an aid to olfaction: “jet-assisted olfaction,” in other words.
showed 29 transverse sections through a beagle’s nose, revealing/e also observed that the “reach” of the canine nares during
the elaborate scrollwork of the turbinates. Recently Johnston et siiffing is up to about 10 cm, though the dog always narrows this
[214,215 and Williams et al[216,217 developed laboratory ol- distance essentially to zero if allowed. Since the nostril inflow is
factometry for dogs and measured the dog’s response to trarenidirectional(Sec. 2.4, the detailed spatial distribution of a
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Fig. 13 External nares of (a) a domestic shorthaired cat and
(b) a burro, Equus asinus , photo by L. J. Dodson

scanned past the scent source, allowing the expired air jets to
impinge directly upon it. Finally the nose returned to a position
directly above the source for a few more sniff cycles. This behav-
ior promotes visual as well as olfactory inspection and provides a
local survey of the spatial scent distribution. It also disturbs par-
ticles in the vicinity of a scent source by the impingement of the
expired air jets.

Syrotuck sees this environmental disturbance during sniffing as
an aid to olfaction125]. Morrison examined the uptake of fine
(0.5 um—5 um) charcoal powder inside the dog's nasal cavity
following sniffing [62]. Particles were found predominantly in the
anterior nasal cavity ventral to the maxilloturbinates. However,
upon vigorous sniffing, particles reached as far into the nasal cav-
ity as the olfactory ethmoturbinates. Moist mucosa are important
here, since moisture is the solvent that carries both vapor and
particle-borne chemical traces to the olfactory recepfds.
When the dog’s nose is wet and cold, it can act as both a particle
and a vapor trap.

Finally, the warmth of the expired canine air jets may act to
volatilize latent chemical traces on surfaces. Many biological
odors vaporize at or near body temperature, and the vapor pres-
sure of TNT, for example, increases by a factor of 4 between 20
and 30°C[225].

Fig. 12 (a) Schlieren image revealing the “ejector effect” of 4.3.2 Cat The cat’s nose, Fig. 18), is in stark contrast with
expire? air jets during canine sniffing that drawil in air_fron:]a that of its canine relatives. Though macrosmatic, the erfake
gﬁ;mofogzz{igii?ti;%‘ggf li)n(?n a(gzoﬂ'ggr;gn'eusnazggtt;de I?re\e , idaefamily (ocelot, domestic cat, panther, puma, lynx, Asian leop-
and the induced airflow caused by jet entrainment  [47]. See &d cat caracal, and bay dar26)) appears to lack the variable
also Fig. 1 (b) geometry and multifunctionality of the canine external nares.
While a proper aerodynamic study has not been done, almost no
nostril motion is observed when the domestic cat sniffs. Clearly a

. . ) _sophisticated canine-type nostril is not a prerequisite for olfactory
scent source is only discernable when the nose is brought infgility, even among carnivores.

very close proximity with it[47]. Canines[218,223 and other
macrosmatic animalg223,224 need to “read” detailed olfactory 4.3.3 Horse The horseEquus caballusand its relatives are
“messages” such as scent overmarks left by other animals. THegld-toed ungulates and prey animals. They have wide oval nos-
ability to do this requireproximity sniffing and is analogous to trils and long straight nasal passages allowing a high respiratory
our visual reading of text. So, in order to properly interrogat@irflow rate while running, when dilator muscles cause the nostrils
chemical traces it really is necessary for a dog to poke its noeflare. The nostrils contract upon expiration to produce promi-
into everyone’s business. nent ventrally-expired jets that are visible due to moisture conden-

Proximity, however, is not required in air scenting of chemicaation in winter. Horses sniff to identify food, kin, and sexual
traces borne by plumes, another canine specfdl®p|. Steen et Status, and to acquire offactory warnings of the predators that they
al. [219] discovered that an air-scenting bird dog can maintagHspect are lurking behind every bush. Unlike dogs, horses and
continuous nasal inspiration for up to 40 s. They propose thieir relatives have dry rhinaria.
open-mouth respiration produces a low nasopharyngeal pressurg
to induce this continuous olfactory airflow.

Negus[194] suggested that macrosmatic mammals sight do
their long snouts to focus upon food they are about to seize.

observed, however, that a dog approaching a scent source on g, qeq according to the discussion of Sec. 2.4. In fact, it is a

ground first scanned its vi_cinitM?]. Instead of aiming dirt_ectly at simple flanged bellmouth inlet with a hint of an inverted-comma
the source, the nose was instead lowered to close nostril proxmgwape

with the ground before reaching the souf&#y. 12a)]. Then the
dog advanced toward the scent source, pausing when the nostril$.3.5 Cow Like pigs, cows are members of the great ungulate
were directly overhead, sniffing all the while. Often the dogrey orderArtiodactyla which also includes the antelope, deer,

.3.4 Pig The swine nose is spade shaped and has several

uses. Moulton[207] considers it to be a “chemotactile” organ.
ke elephants, pigs use their snouts for tasks that their feet cannot
complish. The pig nostril inlet orifice, Fig. @&}, is well
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Fig. 14 External nares of (a) a piglet and (b) a calf, photos by ) . ) )
L. J. Dodson Fig. 15 External nares of (a) cottontail rabbit, Sylvilagus ob-

scurus and (b) human, Homo sapiens

goat, sheep, camel, caribou, moose, giraffe, and hippopotam@§0 Well documente@237,238. Though less elaborate than the
Many of these animals have opposed, laterally oriented, invertefDe€r animal noses, our nogeig. 15b)] is still sensitive, inter-
comma-shaped nostrils as seen distinctly in the cow, Figo)14 €Sting, and comparatively well studied. ,
The inverted-comma nostril shape, upon constriction, narrows theS€ction 3.2.1 described the rising human boundary layer and its
air passage to a crescdr94]. This suggests some distant Cc)npartlcles.. Wg stand erect ar)d our nostrils are dlr.ected downward
nection with the canine midlateral nostril slit, but in fact none of© they inevitably sample this boundary layer, unlike the case of a
the prey animals has a nostril of sufficient mobility to modulatéour-legged animal with a long snout. Expired air jets are directed
the airflow in a canine fashion. At least two ungulates, thoughentra—rostrally and are usually fast and turbulent, allowing al-
have variable-geometry nostrils for other purposes: The camdRost no rebreathing of the exhaled E289]. _
nostrils close to keep out the sand, while the moose’s nostrilskeyhani et al. carried out a steady laminar Navier-Stokes solu-
close underwatei227. tion of airflow into the hurr_lan _nasal cavity with Re=610 based on
the external-naris hydraulic diame{@40]. Results show that the
4.3.6 Bat The bat's naris is some two orders of magnitudéhternal path taken by inspired air depends upon its entry point at
smaller than that of thBovidaejust discussed. The insectivorousthe nostril, with only the anterior tip of the orifice supplying the
Little Brown Bat, Myotis lucifugus common in North America, air that eventually reaches the olfactory epithelium. Because of
has broad nostrils with an inverted-comma shape. The elaborgig, 90% of the inspired air is not sampled for olfactory content,
nose “leaves” of some bat species are for ultrasonics, though, agtalready known from work cited earlier. The flowfield computed
olfaction. The bat's forwardly oriented nostrils aid olfaction inby Keyhani et al. was then used to derive an olfaction mfzi&0]
flight by ram-air sampling. Some bats can discern the edibility @hat yields the odorant mass flux sensed by the nose and addresses
insects they pursue by using “wake olfactidi3]. some of the questions raised in Sec. 2.3.

437 Elephant The elephant's trunk is a unique and cel- Subramaniam et al16] did a similar CFD solution at Re

ebrated multipurpose chemotactile organ. Elephants are quiee0 for an inhalation toxicology study. Here, recirculating flow
macrosmatic even though their external nares and olfactory U-the nasal vestlbule. and nasopharynx produced a more-intricate
cosa are separated by a considerable length of trunk. The trunk RYgrall flow pattern with even less airflow to the olfactory region.
only explores proximity scents but also acts as a periscope forn vitro flow visualization experiments on human nasal aerody-

directional air scentinf228]. Other trunk functions include grasp-"2mics were described in Sec. 2.1. The appearance of turbulence

ing food, drinking, spraying water, respiration, greeting, hand-lil{éI s_omeﬂof tthrSsu_Itpfllt]_, hovyevte(rj, rals_(ta)sdquAesltlons al:t)qlu_t tlhf
tactile operations, trumpeting, and fightif2R8]. Its cross section am(ljnar- OV\{ S|tmu Ia lons Jl;ls tehscrl eh ‘ t ow nqs”rl nie h
shows two oblong central nasal tubes formed of connective tissﬁg 0€s not guaranteée laminar flow throughout, especially in suc

and lined with mucosa. These open into the elephant's nasotur%?—morted passages, but no turbulent or unsteady CFD results are

nates at their posterior extremif229]. As noted earlier, the el- curr_ently available. .
ephant is a ngtural prototype E%)r ]hand-held wand-type sniffe Finally, Sobel et al[242] study the neurophysiology of human

probes. oifaction in vivo_, finding that it is not the movement of nose
muscles that primes the human brain for olfaction, but rather the
4.3.8 Rabbit Glebovskii and Marevskay8230] found that rush of air up the nose. Differences in the airflow rate between
rabbit nostril motion, driven by the narial muscles, is directlyiostrils cause each nostril to be sensitized to different odorants, so
connected with high olfactory brain activity. Inspiration is accomeach nostril conveys slightly different olfactory information to the
panied by nostril dilation, reducing airway resistance. “The tiprain [242]. Further, sniffing for a scent and actually smelling it
andalae nasimove upward while the floor of the nostril sinks.” A activate different brain regiori243], and sniffs are modulated in
sharp rise in airway resistance then signals the onset of expiratioesponse to odor content, higher odorant concentrations inducing
Glebovskii and Marevskaya further describe the rabbit naridwer-volume sniff963].
muscles as “the propriomotor apparatus of the olfactory analyzer.”
Zwaardemaker mirror tests by Bojsen-Mgller and FahrenBag
showed that expired air is directed ventrally and laterally in the r
and rabbit, as in the dog. The rabbit’s nose, Figal5resembles
a cap over a vectored duct. Little else is known about the mob
nostril function of this macrosmatic mammal. A rabbit nostri
aerodynamics study along the lines[df] is certainly called for.

4.3.10 RatThe laboratory rat holds a unique position in sci-
pece. For reasons similar to those given for humans, we know a
ot about rats although, unlike humans, rats are macrosmatic. Lab

fiats have perhaps 1500 olfactory genes of which only some 20%

pre “junk” DNA [237].

Human carcinogen response is assessed by two-year, 1/2
million-dollars-each rat studies carried out by the U.S. National
4.3.9 Human Our nose is retrograde and microsmatic, butoxicology Progran{112]. Extrapolation of the results from lab
heavily investigated. Sources on human nasal airflow include batits to humans to assess human health risks is problematic,
popular{231] and scholarlyf232] accounts, historically significant though, given large interspecies differences in nasal respiratory

works [2,233, and recent review articlels,234—-236. The de- physiology and airway anatoniyL6]. Inhalation toxicology nev-
cline of the primate olfactory genes leading up to humankind ertheless uses live rats or their nasal molds to measure the depo-
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Fig. 17 (a) External nares of a Sprague-Dawley lab rat pro-
vided by M. J. Kennett, Penn State University and (b) external
nares of the opossum  Didelphis virginiana

aquatic mammals.

4.3.12 Fish Here we leave the mammalia to consider other
vertebrates, many of whom have simple immobile external nares
compared to those of the dog, rabbit, and rat. Like mammals, fish
need their sense of smell for habitat and kin recognition, food,
(b) 2 o reproduction, and predation avoidance. Detailed accounts of fish

) ] ) ) olfaction are given by Negu$194], Kleerekoper[253], and

Flg._ 16 (a) CFD solution of alrspee_d in the F344 rat’s nas_,al Stoddart3].

cavity [53,247], courtesy J. S. Kimbell and  (b) sectional The key issue in fish olfaction for present purposes is its sepa-

anatomy of an albino rat’s nasal cavity with darkened olfactory . . - ’ ) -

epithelium [248], courtesy J. S. Kauer ration from the respiratory gill flowfield. Anterior and posterior
naris holes or slits supply through flow to a chamber filled with
lamellaethat provide a large sensory surface afgee also Sec.
5.3.1. To overcome the internal olfactory pressure drop, fish use
either passive or active water circulation. The former requires

sition of respirable particulatg44-244. The albino lab rat is relative motion between fish and water, where sometimes a ridge

thus the key to determining safe levels of human exposure to toxjg scoop just aft of the anterior naris assists olfaction by recover-

inhalants. ing dynamic pressure there while the flow vents to local static

A CFD solution of the Navier-Stokes equations for the airflowsressure downstream. Active olfactory water circulation may be
in the passages of a lab rat's nose yields some insight into tiiven by cilia or may occur as an accessory to respiratory jaw
process, Fig. 1@&) and[53,247. As in dogs and humans, most of motion.
the inspired air bypasses the rat's olfactory zone and exits via thesome fish feature highly specialized naris adaptations.
nasopharynx. However, the airstream that actually reaches telypterus bichir for example, has a fluted Pitot-tube-like ante-
sensory ethmoturbinates enters dorsally, reverses direction meflr naris extensior3], while in moray eels both anterior and
ally, and finally exits ventrally through the nasopharynx as indposterior nares may be extended. Sohetraodonspecies have
cated by arrows in Fig. 16). Of course CFD only approximatestheir entire olfactory apparatus out on a stg263).
the convoluted geometry of an actual rat's nose, FigblL248]. Shark olfaction is almost as adept as their ability to generate

Like the rabbit and dog, the rat has active, variable-geometiterest and fear in people. The Great White and many other shark
external nares. In both ground and air scenting the nose pitckgcies have flush anterior nares located on the underside of the
and the nostril twitchef249]. In some rats the external nares flargnout, feeding water to an olfactory chamber of spectacular sen-
and the nose hairvibrissag move rhythmically, projecting dur- sitivity. Sharks track prey wakeg254] by the chemical plume
ing inspiration and retracting during expirati¢8]. The inverse- tracing methods described in Sec. 3.3.3. Here is yet another op-
comma-shaped narial orifice directs expired airflow ventrally angbrtunity to study, for the first time, the fluid dynamics of shark
laterally, causing relatively little anterior air exchan@s0] and olfaction.
forming two fan-shaped areas of condensation on the Zwaarde- ) ) . . .
maker mirror, Fig. 1a) [31]. A bout of sniffing grows to yield a ~ 4.3.13 Birds Birds sometimes have only rudimentary sniffing
maximum airflow rate at its conclusion. Youngentob et al. sugge®®Paratu3], but in other species olfaction is key to their feeding
a “sniffing index” describing many characteristics of the rargnd nesting behavior, and even to navigation. Airborne sniffing,
sniffing strategyf251]. During a discrimination task, rats suddenlyfor example, allows scavengers like the turkey vulture to locate
switch from a low (2-5 H2 sniffing rate to a high rate of their malodorous meals. Atmospheric trace gases also provide ol-
8 Hz—10 Hz for unknown reasofig52). Here, too, a proper aero- factory navigational cues to some bir@58), the young learning
dynamic study of external nostril airflows is needed. prevalent trace gradlent patterns at hc{mﬁﬁ]_ and then usnng_thls

knowledge to navigate by olfactory detection of natural airborne

4.3.11 OpossumWhile dogs and cats diverged from a comvolatiles[257].
mon ancestor some 50 million years ago, the opossum has noMany birds have simple round or oval nostril holes in the pos-
changed significantly in 90 million years. He is both ancient antgrior region of the beak. They also have turbingte89 that
modern, since he continues to compete effectively with placentdilsiction much like those of mammals. Sometimes the naris is
today. His chief current challenge is to stay out of the road. covered by skin or feathers, and often the anterior turbinate pro-

The opossum has the long, well-equipped snout and multigieides into the orific¢195]. Such obstructions suggest that these
turbinates of a macrosmatic aninjdl94]. The external naris ap- species are not keen sniffers.
erture, Fig. 1%), is laterally oriented and not obviously variable Only one bird, the highly specialized kiwi, has its nostril orifice
in geometry, although there are no known studies of it. Moultoat the tip of a long beak like a wand-type sniffer. It probes the soil
[207] notes that olfactory structures are most prominent amorfigr worms, so a posterior naris location would be worthless. The
older animals like the opossum, not in the higher primates aheak tip, Fig. 18a), consists of an anterior probe, a longitudinal

Journal of Fluids Engineering MARCH 2005, Vol. 127 / 201



Fig. 19 Lateral flagellum of one antennule of the clawed lob-
ster Homarus americanus . Proximal diameter shown is 1.4 mm.
Hairlike projections are aesthetascs and guard hairs (out of
water and in disarray ). See [92] for electron microscopy images

erned by the aesthetasc Reynolds number Re which determines
“leakiness,” i.e., how much water passes between them. This Re
tends to be near unity, so the lobster can sample with a fast down-
Fig. 18 (&) Close-up image of the Great Spotted Kiwi's beak stroke and hold the signal with a slower upstrok&6,264. Pé-

tip, copyright Chris Smuts-Kennedy, reproduced by permis- clet numbers are large for these motions, but diffusion acts when
sion. (b) The upper beak of the tube-nosed Dove Prion,  Pachyp-  the antennae are still.

tyla desolata , redrawn from [258] Similar principles apply to other crustaceans, including the
crayfish, crab, and Mantis shrinjg1,65,177,196 These sought-
after species take advantage of zones of high mean flow speed,

hich increases turbulence and degrades a predator’s ability to

slit nostril, and a lower mandible. One wonders if naris plugginga ; 3 )
by soil and olfactory signal deposition in the long nostril tubes afg2ck @ chemical plume. Thus fast flows provide a hydrodynamic
refuge from olfactory-mediated predatighi79].

worrisome to the macrosmatic kiwi.

The Procellariiformes[ 195,258 are seabirds that include petrel 4 4.2 |nsectsChemical plumes are as important to insects in
and albatross species, all with highly developed olfactory systefg ajr as to crustaceans underwdtes8,265,266 Moths tracing
and distinct tubular nostrils. They can follow the trace odor of g pheromone plume are the classic example. The same Reynolds
food source for many km over the ocean. Following the discUgumber effect on the apparent porosity of branched antennae
sion of airborne sampling in Sec. 3.3.1, it is hard for a fluid dyr90,267,268 arises, though the comblike moth antennae do not
namicist to see such nostrils, Fig. (b without thinking “Pitot flick and are spectacularly different in appearance than those of
tubes.” These nostril protrusions recover the impact pressuretgg |obster(Fig. 20. Some moths respond to pheromone signals
velocity head 1/aU? during flight, automatically providing a py flapping their wings to induce airflow through their antennae
pressure boost to overcome losses in the olfactory system, &fighout flying [268], an aspect of insect behavior that has already
doing so without additional effort from the bird. Pennycuick als@ttracted biomimicry182].
suggests a related Pitot-tube function—that of an airspeedyere briefly consider mankind's worst enemy, that supreme ter-
indicator—allowing the bird to sense and take advantage of gygfist and chief vector of biological warfare, the mosquifig.
energy in the separated flows downstream of oceanic wave cresf$ with a human death toll of over one million/year, mosquitoes
[259]. Procellariiformes tap this unlimited energy source in ordefs killers easily outrank all the worst human tyrants combined
to soar almost effortlessly over long distances. [269].

Mosquito host location is known to be an insect-sniffing and
chemical-plume-tracing issué 68,270,27] Humans give off a
ariety of kairomones chemical signal§CO,, lactic acid, eto.

at attract mosquitoeg272]. The thermal convection currents

4.3.14 Reptiles and amphibiarReptiles and amphibians gen-
erally have rudimentary olfactory apparatus. Most have only
simple pair of external naris holes flush with the front or top of th

head[3]. Olfactory power varies among species, though, a
some lizards, snakes and crocodilia are macrosmatic. WaterprBffduced by vertebrates carry these trace chemi@i®,273,

naris closure and “snorkel” nostrils adorn the newt, crocodil@nd mosquitoes fly upwind to locate their sourfe80]. Anoph-
salamander, and fro@,260. Frogs even have flap-separated ar/€S gambiaefor example, flew an upstream zigzag path in a

terior and posterior olfactory regions suited for sniffing in water gfind tunnel odor plumg272]. In another study, smelly human
air, respectively237]. eet were a noteworthy mosquito attractf®i4].

Not much is known about dinosaur olfaction, but Witrfi2é1] . AN important human goal is to interrupt mosquito-host interac-
places theT. rexexternal naris well forward of its usually-depictedtions; thus inhibiting the spread of diseag275]. The host-
location in order to provide room for a more significant interngPcation sensilla are on the mosquito antennae, Fig. 21, and palps
olfactory apparatus. AlsRhomaleosauruis believed to have had [272,276,27T. At normal flight speed a }sm-diameter mosquito
National Advisory Committee for AeronauticACA)-scoop- Sensillum hair has a Reynolds number of about 0.06.

type naris inlets inside its mouth, venting externd2$2]. An outsider needs extra caution around this intricate topic.
There are many mosquito species with different behaviors, for

4.4 External-Flow Noses of the InvertebratesHere the sen- example[272]. Nonetheless some fluid dynamics seems to be
sor chamber of the vertebrates is turned inside out: no chambengsing here, namely(1l) a proper understanding of the human
all, just sensor-bearing antenna stalks extending into the surround-
ing fluid. Treelike sensor structures have evolved in both air and
water to present a large surface area for olfaction. The fluid dy-
namics of thesaesthetaschas received a lot of recent attention
[93,170,176,196,263

For brevity we consider here the morphology of only a few
invertebrate sniffers from the phylusrthropoda

4.4.1 Crustaceand.obster “sniffing” was introduced in Sec.
2.7 in terms of diffusion and in Sec. 3.3.3 in terms of chemical
plume tracing. Lobsters have twin antennae with lateral flagella (a)
bearing fine sensory aesthetascs, Fig. 19. There are differences in
specieq41], but in general the antennae are flicked in order tgig. 20 (a) Giant silkworm moth, Antheraea polyphemus
sample the environmerf®2,93. This sniffing behavior is gov- wingspan 8 cm and (b) closeup of feathery antennae
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their heads while tracking or scenting, and probably also anemo-
taxis based on the differential wind cooling of their wet noses
[125,218. Moulton[207], on the other hand, notes that the close
narial spacing of many mammals does not apparently provide a
sufficient lateral signal difference to discern an odor gradient by
tropotaxis. The myth of tropotaxis due to the widely spaced nares
of hammerhead sharks was debunked by Kajiura ¢28e], who
found that an anterior groove on the shark’s cephalofoil integrates
the olfactory input, thus providing no more tropotactic separation
than that of any other shark species.

Finally, Atema[42] demonstrated that the lateral separation of
lobster antennae is sufficient for “eddy chemotaxis” in turbulent
odor plumes. He also found that the sharpness of odor peaks in
passing eddies can provide “odor landscape” information about
the lobster’s location relative to the plume’s source.

5 Artificial Olfaction

5.1 Artificial (Electronic) Noses.Atrtificial noses are devices
featuring several nonspecific odorant sensors interrogated by a
pattern-recognition system in order to identify a broad range of
odorants[9]. This definition excludes specific sensors like gas
leak detectors and mass spectrometers, but these will also be con-
sidered later. Still very much a work-in-progress since they were
introduced a few decades ago, artificial noses already augment
limited human olfactory skills by being less subjective, and they
may even supplant the trained canine sniffer someday by having
similar sensitivity but being willing to work longer hours.

5.1.1 Overview of current artificial nose&ardner and Bar-
tlett[9] give a brief history of electronic noses and a discussion of
current commercial devices. Similar overviews are found in
[283,284, while Yinon[285] summarizes “e-noses” for explosive
detection. Artificial noses currently have nonspecific sensors
based on a variety of principles including quartz microbalances,
surface acoustic waveSAW) technology, capacitance, metal ox-
ide semiconductors, calorimetric or amperometric sensors, and

(b)

Fig. 21 (a) Mosquito feeding on a human hand. Courtesy
Philip Myers, http://animaldiversity.ummz.umich.edu. One an-
tennal flagellum is visible.  (b) Microgram of a mosquito anten-

nal flagellum, about 20 um in diameter, showing two complete photopolymers. ] )
segments, the long sensilla chaetica , and the numerous Most of the present commercial devices are ponderous bench-
shorter sensilla trichodea , photo by J. M. Listak top analytical instruments that do not sniff and are not considered

further here. A few portable or handheld noses deserve further
attention, but most of them also lack any real ability to sniff. Only
thermal plume and wake behavi@ecs. 3.2.1 and 6.3.2nd(2) the Smiths Detection Cyrano$286] has both an internal sam-
a knowledge of the mosquito’s flight envelope and limitations. Fgling pump and a wand-type inlet with a flared end that can be
example, in one popular book on mosquitoes the human sceonsidered a sniffer. The Applied Sensor VOCcheck and Mi-
plume is said to be heavier than the surrounding260]. Normal crosensor Systems Vaporlab handheld e-noses have pumps but no
flight speed is quoted at 1 m/s and maximum speed at 1 1/3 nefsffers (apparently only fittings are provided for direct connec-
[269,27§, yet there is little information on the inhibition of mos-tion to an odor sourge
quito bites as a function wind speed or host motion. Finally, al- The Nomadics “FIDO” artificial nose can be either handheld or
though our knowledge of insect aerodynamics has benefitand-mounted(for landmine detection[287]. Ambient air is
greatly from studies of the innocuous dragonfly, where are tligawn through the sensor, after which there is a clean-air purge. A
parallel studies of mosquito aerodynamics? The mosquito appesirsilar prototype device employs a small vacuum tank to sniff air
to be a fragile insect, all rickety and strung out like a Wright Flyeat ground level[288]. The Z-nose[289] uses SAW and gas-
If we knew more about her aerodynamics, it might suggest waghromatograph technology in a hand-held sensor with a 10 s sam-
to push her beyond her flight envelope. pling time. Gelperin's e-nosg290,297] inhales the air surround-

N . oz . N i bject th h forated platf located
4.5 Directional Olfaction. Von Békésy claimed directional Ing an object through a periorated platiorm focated over a sensor

odor perception if as little as a 10% concentration difference was-rh' Tufts Medical
presented to the left and right human nosf{r@g9]. Later research S edica
questioned thi$280], but there is still considerable evidence th
at least some animals practice and depend upon “stereolfacti

School/CogniScent Inc. Scentinel
6,292,293 is not yet a commercial device, but is nonetheless
gtable for the biological inspiration behind its sensors and its

. : - ; ?ﬁttern matching294]. Moreover it is a true sniffer with a snout,
[3'2|.42'2ﬁ1' In a;i;lj_ltlon tpchemot_axwind ﬁne(rjn?tamsc_igscnbe_g a flanged inlet and a through-flow sensor chamber. It can even
earlier, the termlinotaxis swinging the head from side to side,; ;- 1e and exhale like an animal.

andtropotaxis stereolfaction via widely-separated naris inlets, are

used. 5.1.2 Related nonartificial-nose handheld detectérpopular
Stoddart[3] suggests that nostril adaptation goes with necknd useful nonartificial-nose detector for explosives, drugs, and

stiffness, and that stiff-necked fish need tropotaxis more thahemical agents is the ion mobility spectrometer or IMS

supple-necked land species. Tube-nosed bats appear to use trfp@5,294. At least two commercial handheld devices are avail-

tactic olfaction in flight, where turning the head would producable, the GE Security VaporTracer, Fig. 22, and the Smiths Detec-

unwanted aerodynamic forces. Dogs practice klinotaxis, movitign Sabre 2000. Both have internal pumps to acquire air samples,
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desorption, shock waves, pulse-pressurization, and jet puffers
(Sec. 2.5. Wrapping and handling an improvised explosive de-
vice, for example, is likely to generate a particle field that may be
detectable even if the vapor of the explosive is [8@3,304.

Griffy’s calculation[94] was mentioned in Sec. 2.7 with a cau-
tion about giving up on vapor detection. Vapor diffusion is a slow
process, but some sniffers can get in such close proximity to an
odorant source that they can get a good sniff even so. Further,
vapors are readily transported in thermal plurf%s.

On the other hand, given the extremely low vapor pressure of
Fig. 22 The GE Infrastructure Security VaporTracer sniffing a explosives like pentaerythritol-tetranitraETN) and RDX, it is
briefcase certain that particles, however small, play a role in the detection
of these substances by sniffing. Nonvolatile explosives strongly
adsorb to solid§305], including the ever-present airborne par-

but the volume of air that an IMS can directly accept is only sonfé!es in the human thermal pluni&ec. 3.2.1

mi/min. A third IMS device, the Implant Sciences Quantum 523 PreconcentratianPreconcentration and the “impedance
Sniffer, takes a different approach discussed in Sec. 5.2.4.  mismatch” were introduced in Sec. 2.3, while impactors were de-
The Sandia Microhoun@i297] uses a micro-IMS and a SAW scriped in Sec. 3.1. How it is done in practice, though, deserves a
sensor, and inhales air through a flanged inlet. The Mesosyste& further elaboration.
Biocapture[298] impacts and liquefies samples for analysis, but Tragitional preconcentration methods of analytical chemistry
details of its sniffer are not available. Finally, two Thermedics Ingnyglyve passing an air sample through a permeation tube filled
patentg299,30q describe handheld shrouded sampling guns thgh, 5 sorbent material, such as activated charcoal, silica gel or
apply heat and air-jet puffers to surfaces, then inhale air acrofsax™ That material is subsequently thermally desorbed to re-
a preconcentrator. These devices are without any knowg,ge trapped chemical trad&96-309. Personal samplers, Sec.
commercialization. 3.2.2, often work this way. But given the small size and high

5.1.3 Desired characteristics of sniffers for artificial nosesPressure drop of a typical sorbent tube, this approach is slow and
Ideally an optimum sniffer ought to: ineffective for high-flow-rate sniffing.
Membrane filters can serve the same purpose as permeation

1. Have sufficient “reach” to acquire the desired explosivislbes and can be desorbed in a similar faslit$,101,310, but
trace signal without physical contact, are likewise not suited for high flow rates.

2. Localize the scent sourdexcept for those special sniffer A third approach, more adaptable to rapid sniffing of larger air
types designed to sample broad areas like the sides wslumes, is to collect the trace odorant on a metal surface in a
vehicles, flow-through preconcentratof310-313. Depending upon the

3. Display immunity to ambient conditions, especially th@dorant, various treatments can be applied to the metal to enhance
breeze, molecular or particle deposition. The metal can then be heated

4. Have simplicity, mobility, light weight, small size, and rea£lectrically to quickly desorb captured traces. A secondary carrier
sonable power requirements, and gas flow is needed during desorption, when the main airstream

5. Have the ability to disturb surface environments enough &ither stops or is shunted away. Cold metal surfaces especially
dislodge and collect particles as well as vapor traces. attract trace chemicals like explosives, but moisture condensation

is an associated proble[814].

When the desired airborne trace material is in particulate form,

impactors or cyclonegSec. 3.1 make suitable preconcentrators.

5.2.1 Headspace sampling versus sniffilg most benchtop For example, biological pathogens like spores and bacteria are

instruments of analytical chemistry, including the majority oflsually impactable, as are explosives or chemical agents attached
commercial e-noses, the saturated vapor above a sample in a é@nfuman skin flakes or textile fibers. Virtual impactors precon-
tainer is drawn by carrier gas through tubing into the input of theentrate such particle-laden airstreams by discarding most of the
instrument. This is headspace sampligg1], and while it is es- airflow while keeping the particles.

sential in laboratory practice, it is distinct from aerodynamic . . ,
sampling—sniffing—as defined here. Few animals have t 5.2.4 Jet-assisted olfactionOne of nature’'s lessongSec.

luxury to squat on a lab bench, have odor samples delivered. -1 and Figs. 1 and 13s to put exhaled air jets to work assist-

i % the sniffing process. Thus the dog and probably the rat and

them, and suck the samples through a straw. rabbit can disturb surface particles, inhale them, and desorb odor-

5.2.2 Particles versus vapofhere is a controversy in explo- ants from them in the nasal mucosa—a natural preconcentration
sive detection circles over whether one actually detects particksstem.
or vapor traces or both. A key paper on this topic is Davidson andHow can we use this knowledge in a man-made sniffer? Since
Stott [302], who draw a distinction between volatile explosivesespiration is unnecessary, auxiliary air jets adjacent to the sniffer
(vapor pressure higher than nitroglycerand nonvolatiles: vapor inlet are required to disturb surface particles, as first suggested by
detection of nonvolatiles usually depends upon solvents, impulitcGown, Bromberg, and Noblg299]. Beyond that, though, it
ties, or breakdown products, whereas the vapor of volatile expleas also shown in Sec. 4.3.1 that the dog’s exhaled jets produce
sives like tri-acetone-tri-peroxid€TATP) is directly detectable. an ejector effect that can improve the reach of the sniffer. Ex-
Such volatile vapors are readily adsorbed, however, by sutdnded reach is just as important for man-made sniffers, since
things as the packing materials found inside cargo containers. proximity sniffing is not always possible and is occasionally even

In general we should be ready to sniff and detect both particldangerous.
and vapors, since they provide complimentary information aboutAt least two schemes are available to extend the reach of a
the odorant source. Particle sampling is the more difficult of theniffer, the first borrowed from the field of ventilation. C. P. N.
two, but it has the advantages of larger signal levels and of indhaberg[315] invented an elegant inlet reach extender using aux-
cating the actual chemical species, not just its vapor byproduci$ary jets, Fig. 23. The central inlet, facing downward in the fig-

Approaches to resuspend particles from surfaces include mee, takes in flow rat€; while an additional airflow Q; at above-
chanical agitation and vacuuming, swabbing, vibration, thermambient pressure discharges laterally forming turbulent jets. The

FSUUU |

VaporTracer

5.2 Airborne Trace Sampling for Artificial Olfaction.
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r

«-breeze

(a) boundary layer

Fig. 25 Schlieren photos of a flanged inlet sampling a thermal
boundary layer (a) in still air and (b) with a light lateral breeze

. . . ) ) from the right [47]
Fig. 23 2D potential-flow simulation of an Aaberg inlet

not an issue. However, practical considerations require man-made

jet entrainment makes this device appear to be a much larger idgiffers to have a finite standoff distance and no hard contact
with an extended reach, but only the central streamtube betwgeBpecially in landmine detectipn

the vertical dashed lines is aCtUa”y taken into the inlet. Thus theNo real solutions to this pr0b|em are available, just a few ideas.

otherwise-omnidirectional potential-flow inlet is effectively fo-Baturin,[17] Chap. 6, for example, describes a method to estimate
cused toward the forward direction by jet assistance. inlet streamlines in a crossflow. No remedy is given other than

The ventilation community has embraced this concept for loc@icreasing the inlet suction. Likewise shrouded probes are effec-
fume exhaustusually axisymmetric rather than planar as in Figtve against cross flows in flight and wind tunnels, Sec. 3.3.1, but
23), and several studies are repor{@6-319. The ratio of the are not a cure for the present difficulty.
jet to inlet momentum flux is found to control the reach, which one approach that might work is a “soft” shroud made of rub-
can be several times that without j¢820]. This jet assist is not per, brush fibers, screen, or porous filter material. To succeed, the
free, but is well worth it in the exhaust of welding fumes, whergyteral pressure drop across it must balance the dynamic pressure
the extended reach avoids having the inlet in the welder’s facepf the crossflow. Experiments by Cant, Castro, and WalK{z24]

The Aaberg principle has never been applied to chemical trag&eal that high-porosity screens have little effect, whereas low-
sniffing and is suggested here for the first time. It has the advagbrosity screens act like solid surfaces to the crossflow. Near 50%
tage that the large volume of air that must be moved in order gyrosity, interesting things happen.
achieve a long reach is not all inhaled, thereby reducing the pre-an air curtain[322] has also been suggested for this purpose. It
concentration chore. ] i _might succeed if its entrainment can be made to serve the purpose

The second jet-assisted sniffer scheme is that of Motchkings jet-enhanced olfaction described above; otherwise it is likely to
Krasnobaev, and Bunkg®6]. Here the auxiliary jet flow is passed exacerbate the problem.
through tangential nozzles or vanes to produce swirl between than any case, aerodynamic sniffer isolation from the effects of an

inlet (right) and the surface being sampléeft) in Fig. 24. Onthe ambient breeze is an important topic for further research.
centerline of this “cyclone” a sampling orifice withdraws a flow

rate Q.. According to[96] “The cyclonic motion..creates a tube  5.2.6 Signal loss in sampling tubeSignal loss in sampling

consisting of a wall of moving gas that behaves like an extensié#Pes is an analytical chemistry concern that carries over to the
of the tube that formed the external sampling orifice.” No mentioRrésent topic. Most animals have short sampling tubes, the el-
is made of a vortex core, but data are shown indicating a favora§lehant and kiwi excepted. Man-made tubes cannot be inert to all
pressure gradient along the centerline from the sampled surfacdr@gge chemicals, and explosive molecules, for example, adhere to
the sampling orifice over separation distances up to 15 cm. THigflon, glass, Pyrex, quartz, nickel, stainless steel, gold, platinum,
jet-assisted inlet is used in the Implant Sciences Quantum Sniffé@Pper, fused silica, aluminum, and plasf807,310. Heated

a commercial IMS detector that was developed under U.S. Na{f@nsfer lines are used to avoid such deposition except when par-
funding. ticles are being transferre02]. In that case there is also the

) ] ] o concern that particles will impact and stick to tubing walls down-
5.2.5 Isolation from ambient wincAll of the sniffing inlets  stream of bends, et€13,57,323.

discussed thus far, whether jet assisted or not, are subject to dis-
ruption by a lateral breeze. The effect is shown qualitatively in 5.3 Sensor Chamber Fluid Dynamics for Artificial
Fig. 25, where a mild breeze interrupts the sampling of a boun@ifaction. Sensor chamber fluid dynamics is virgin territory: only
ary layer by a simple flanged inlg47]. one previous investigation is knowB24]. Insofar as all present
In the animal world, the only remedy for this is proximity: If artificial noses carry their olfactory sensors internally like verte-
your nostrils are touching the sampled surface, then the windbsates, we consider only that case here. Further, we avoid the
confusing multifunctionality of the mammalian nasal cavity
(olfaction+respiration+air-conditioningoy examining the sepa-
S~ rate olfactory chambers of fish. Reynolds number scaling allows
/0 / \ us to move freely between air and water in this regard.
|

5.3.1 The eel as a role modé&pecifically, consider the com-
mon freshwater eeAnguilla anguilla as a role model for sensor
chamber fluid dynamic§3,40,253,32% As shown in Fig. 26, a
simple anterior naris on the left leads directly onto the medial
passage of a chamber packed full of olfactory lamellae. Acting as
flow turning vanes as well as sensor surfaces, the lamellae direct

the water laterally and ventrall§into the pagg Cilia induce ro-
% tation between the lamellae as shown, bringing the flow up along
the sides of the chamber to its roof, where it is collected and
discharged out the posterior naris.
Fig. 24 Diagram of a cyclone sampling nozzle for an ion mo- This highly three-dimensional flow encounters a large sensory
bility spectrometer, from  [96] surface, ensures that the entire flow is thoroughly sampled, and
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ber design, where a high mass transfer rate of odorant molecules
to olfactory surfaces is desired. Concomitant momentum transfer
by friction is required by the analogy, and heat transfer may also
occur. Thus odorant mass transfer is related to the fluid power
required to overcome sensor-chamber friction losses. The empiri-
cal relations describing Reynolds analogy are well-known and
readily available, e.g.[91,327,328 and do not bear repeating
here.

The utility of Reynolds analogy in sniffing for chemical traces
was first recognized by Fraim et 4B11], who designed an ex-
plosives preconcentrator based on heat exchanger technology. In
Fig. 26  The path of water through the olfaction chamber of an modern microelectronics, strong thermal generation occurs in a
eel, top view, redrawn from illustrations in - [40,253,325] small confined space and must be removed by a fluid flow. The

analogy with an olfactory sensor chamber is obvious from the

above, so we can learn design principles from the volumes that
does it all in a compact voluméThe scale shown is at most a fewhave been written on electronics cooling, €[81,22,327,329
centimeters, but could be an order of magnitude larger in air at theFinned heat exchangers expose large surface areas to the flow
same R@.This compactness is an asset to the animal and it prior efficient heat transfer, a principle already in use in nature in
vides a quick olfactory response time. Artificial nose designethe nasal turbinates, as well as in the air-conditioning industry
can scarcely find a better natural example than this. [91]. One must make sure the flow is along the fin channels and

Though air-breathing vertebrates favor turbinates over lamella®t across them, or the process becomes stalled. For flow in odd-
this sort of olfactory sensor chamber is nonetheless broadly chairaped ducts the Reynolds number is based on the hydraulic di-
acteristic of all vertebrates. According to Stoddedl, “There is ameterD,=4A/P, whereA is the cross-sectional area aRds the
an inlet to, and an outlet from, a chamber in which is held a thiguct perimeter. Loss coefficients are known for many situations,
sensory membrane of sometimes immense area.” e.g., discharging the flow abruptly from a small tube into a large
chamber(which dissipates one velocity head, Sec.)2L®ss for-

532 Pressure losses, fans, and pumipsSec. 2.3 the flow 12"~ e fikewise known for screens, grids, protuberances, and
losses in a sensor chamber and the energy required to overca gh channel walls

them were introduced. These pressure losses need to be friction h particular, the stacked eel lamellae of Fig. 26 are strikingly
as required by the analogy described below, not due to flow SCRilar to the finned heat sinks used to cool electrof2d3. Heat-

ration. S_eparat_ion_ losses do not ari_se from effective olfaction, j ihk design principles encourage low flow speeds to minimize the
bad design. Principles of good design can be found, for examp Yessure loss for a given performance level. Straight fins are

in [326’.3.22' . shown to outperform other fin shapesg., cylinders[327]. Fins

X V&nd lamellae should also be aerodynamic, with rounded leading
power to overcome losses and induce a flow through a sen%%rgeS and tapered trailing edges

chambel{14]. Such a device produces its maximum overall pres-
sure differentialhead when there is no flow, thus no loss through

the sensors. As the flow rateapacity Q through the sensors § Homeland Security Applications
ises, th fan’ ili in iven pr re differ- o . .
rises, the pump or fan's ability to sustain a given pressure di Down through the ages, civilization only flourished in enclaves

ential drops. Where the two curves meet is the operating point of 2~ .
the olfactory system. Every undergraduate fluids engineering s ifficiently well-defended to prevent the ravages of barbarians.

dent learns to draw such head/capacity curves for pumping syS€ terms “homeland security” and “terrorism” were not popular

tems. Designers of artificial noses should learn to draw them t =, but t.he results .Of a security failure were nonetheless de‘”?‘s‘
(see, e.g.[49]). tating. Fluid mechanics has been important in homeland security

all along, providing standoff barriers against invasion, weapons
5.3.3 Expansion of a sensor chamber from a small iMéhat technologies, mobility, etd.330].

limits how fast the eel’s olfaction chamber in Fig. 26 expands in Many believe that the modern solution to the asymmetry of the
area downstream of the tiny anterior naris? Lightf¥ll first con- terrorist threat lies in technology. Here we discuss a piece of that
sidered this issue in terms of the branching of the arteries atethnology that concerns gaining information by detecting chemi-
bronchial tubes. Briefly, the area increase slows the flow awdl traces in the air or water. Like the prey animals discussed
raises the static pressure, so except at low Reynolds numbers tlezndier, we need constant environmental awareness but, unlike
is a danger of flow separation. Lighthill’s rule-of-thumb to avoidhem, we cannot sleep standing up.
this allows no more than a 20% increase in flow cross-sectionalHomeland security thus requires continuous environmental
area per channel bifurcation. At least in the arteries, nature seemsnitoring. The unusual, however minor, can be a crucial warning
to obey this rule. Cross-sectional area data are not available &ran impending attack. For example Carranza ef381], while
the eel’s olfactory chamber, but are available for the comparabieonitoring the atmosphere for heavy metal traces, noticed a mag-
case of a beagle’s no$64]. These data show that the maxillotur-nesium spike on the July 4th holiday—not terrorism that time, but
binate region expands about linearly in cross section to seviertould have been.
times its initial area over a downstream distance of only 35 mm. . . . .
According to Lighthill’s rule, a bifurcation should occur initially . 6.1 Canine DetgctlonSO much has been_ written about train-
every mm or so to prevent separation. This is hard to check wifig dogs for chemical trace detection that it serves present pur-
the available data, but it is clear that the maxilloturbinates burgeBHSes merely to cite some key references and give a brief

with branching complexity in this region. Thus separation preveffommentary.

tion goes hand-in-hand with the need for large heat-exchan eMuch of the scientific basis of canine detection was learned
surface area in the beagle's maxilloturbinates ecently at the Auburn University College of Veterinary Medicine,

Auburn, Alabamd66,332,214—-21J There, operant conditioning

5.3.4 Heat and mass transfer analog@sborne Reynolds experiments yielded sensitivity curves like those of Fig. 27, that
(1842-1912 recognized that mass, heat, and momentum ageiantify the threshold levels of specific trace chemicals that dogs
transferred by similar physical mechanistnsolecular motion in can detect. These data also set the sensitivity standard for artificial
laminar flow, eddy motion in turbulent flow The analogy be- noses, a standard that has already been exceeded in at least one
tween these fluxes—Reynolds analogy—is useful in sensor charase[292].
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Another example is the MDS Sciex CONDOR system, which

100 e oy
: seneee? searched cargo containers for explosive traces using a suction
80 | probe fitted with a brush that fed an adsorption cartridge with an
airflow flow rate of 25 liters/$340]. The interior of containers or
the exterior of cargo pallets was sampled by contact with the
) 60 f brush for about 30 s, whereupon the cartridge was removed and
T desorbed into a mass spectrometer. Cargo containers were also
S 0l : : sampled through their ventilator ports or through a 10 cm array of
p—— ﬁi‘t‘rggﬁeﬁn drilled holes that ended up not being acceptable to the cargo in-
w»eses e DMDNB dustry[302]. This substantial system employed a 9 m heated sam-
20t |me®ee  Methyl Benzoate pling line and applied mechanical agitation even to full-sized sea
seeeeseste Cyclohexanane containers. Inside the container they found a gradient of particle
0 i sk i i dispersion leading up to the sourf802]. Trace contamination
0.01 0.1 1 10 100 1000 10000 was even detected in some containers not holding any bulk explo-
Parts per Billion sives: Once upon a time Kilroy had been there.
Still another approach to cargo sampling is the British Remote
Fig. 27 Canine olfaction sensitivity curves measured at Au- Air Sampling for Canine OlfactiofRASCO) system[341,343. A
burn University, redrawn from http://www.vetmed.auburn.edu/ probe inserted into a cargo container pumps out a volume of air
ibds/. Except for methyl benzoate, a cocaine derivative, all through a polymer mesh sample canister that is later presented to

trace chemicals shown are explosive-related a detection dog for analysis. Sixty liters/min are drawn through

the canister for 2 min. Success appears to depend upon a signifi-
cant explosive vapor headspace inside the container. A related

Extraneous odors present while sniffing can interfere with general discussion of collecting and transporting chemical traces
dog’s ability to detect a scent and can therefore raise the threshi-evacuated flasks, canisters, sampling bags, and sorbent canis-
olds shown in Fig. 27, but to do so requires a comparativetgrs is given if306]. If you cannot get the proboscis to the signal,
enormous extraneous odorant lef/217]. take the signal to the proboscis.

Dogs respond to the most-volatile compounds present in anjenkins[343] patented a method to interrogate baggage by
explosive, not necessarily to the explosive species itself. For gyacing it in a compartment provided with vacuum and vibration.
ample in detecting C-4 plastic explosive, the dog is not likely tajrborne chemical traces thus liberated are drawn into a detector.
respond directly to the explosive component RDX, which has grecent adaptation of this approach to cargo trace detection is the
very low vapor pressure, but rather to compounds like cycloheray Detection Discovery CERT systef44], which uses heat,
anone, a solvent used in RDX productig#i5,216,333 _pressurization, vibration, and gas jets to dislodge explosive traces

Gazit and Terkel repofB34] that heavy exercise interferes withfrom palletized air cargo in an airtight enclosure.

a dog's olfactory ability, since the dog cannot sniff while panting. Finally, research on cargo trace detection is currently under way
They also use a microphone to pick up the sound of sniffings penn State, University Park, A&45], funded by the U.S.
which provides useful feedback to the dog han@&s5]. _ Transportation Security Administration. The goal is to understand

While handlers have commented on the most desirable traitsiak internal airflows of cargo containers and to sample these flows
their dogs[336], the desirable traits of handlers appear to neeg trace detection without opening the containers.
more work[332,337. Being the brains of the team, the dog han-
dler has a responsibility to be aware of the issues discussed heré.3 People SamplingPeople sampling is a unique topic in all
such as human skin flakes, chemical plumes, micrometeorolog§,chemical trace detection. Aircraft passengers are aware of the
and the aerodynamics of air and ground sniffing. Syrofuicts] danger of terrorism, but are also very sensitive to the invasion of
should be required reading. Thermal plumes can also sometintlesir personal space. A NRC study of passenger screening found
be visible to the unaided eye of the handlé6,48,338. These that there is a strong relationship between public acceptance and
fluid-dynamic issues might well be illustrated in a training videthe perception of risk346]. It nonetheless irks passengers to wait
for dog handlers. in long lines, parcel out their belongings, and take off their shoes.

Despite the issues of expense and limited duty cycle, caniBeing sniffed by a dog is particularly offensive. People-sniffer
trace detection is a trusted mainstay of homeland security that wikvelopers need to be aware of these issues, just as terrorists are
not soon be replaced by artificial nose technology. Furton asdrely aware of them. But despite all this, the total U.S. annual
Myers [333] found that detector dogs still represent the best epeople-screening outlay is expected to grow from $590 million in
plosive detection means available, since artificial sniffers suff@001 to $9.9 billion in 2010347].
from poor sampling systems, interference from masking odorantsHallowell [348] reviewed the available technology for people
and limited mobility. screening in 2001. Since then several approaches have seen fur-

. . ... ther development. One study recommended that research into the
6.2 Cargo Screening.Cargo screening has become politiv,anor space” surrounding a suicide bomber might lead to im-
cized because of the high cargo volume crossing national _bor_d_ Bved means of detectidd8]. Misconceptions about that space
and the extreme measures that are needed to screen a signifiggftiys +,e nature—the human thermal plume—were described in
fraction of it for explosive, chemical, or biological weapons. Airgec 3.2 1. Here we discuss recent people-sampling developments

sea, r‘a|l, and truck cargo are 6.‘" at risk. Methods that rely upeR light of what is now known about the aerodynamics and heat
radiation to probe cargo containers are cumbersome and expgy

sive, detection dogs do not have access to cargo interiors, andqsfer around people.
manual unloading for inspection requires far too much time and6.3.1 Human olfactory signaturdhe human olfactory signa-
labor to be practical. ture was pioneered as a topic of study by Dravnigki4,349.

Still, sniffing the air inside cargo containers—without openingduman scent arises from bioeffluents and from bacteria acting
them—for trace contraband is an approach that can be both effapon the skin and its secretiofk25]. People also carry with them
tive and affordable, and there is a precedent for it. Fine et @n olfactory image of their recent environmdi222,314. Any
[339], for example, patented a method to do this by injectinguccessful scheme to detect trace chemicals on people must take
compressed air into a cargo container, applying suction, collectingcount of this olfactory signature and its conveyance by the hu-
the sampled air in a hood, and interrogating its contents for tracen thermal plume and wake.
chemicals. Dravnieks developed a “body tube” sampler to acquire chemi-
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cal trace signals from peopl849]. Bethune et al[350 and May [ W
and Pomeroy126] used similar “dispersal chambers” for bacte
riological studies of human subjects. Such enclosures are ol
practical for people-sampling in the lab, but they have been i
strumental in contamination studig®51,352 and in aviation se-
curity research leading up to the present portal technolog
[123,124,353,354

There is anecdotal evidence that artificial noses were deplo
to detect troops in the Vietnam jungle, and more recently in t
caves of Afghanistan. Building upon genetic research with mic
the current DARPA Unique Signatures program seeks an expld
able chemosignal corresponding to an individual’s genetically d
termined odor type. If found, it will be used to develop a detectd
for the presence of “high-level-of-interest individuals within

groups of enemy combatants.” Fig. 28 (a) The author standing in a prototype version of the

6.32 Portals f . IPortals f . GE Infrastructure EntryScan s explosive detection portal  (Penn
e ortals tor screening people-ortals 1or scCreening giqe photo by Greg Grieco ) and (b) schlieren image of portal

people have generated many patents, 355-358, but only a ith subject (L.J. Dodson ) and with air-jet puffers firing
few practical devices. Some of the approaches that failed include

“wind-tunnel” portals that moved massive amounts of air,
“saloon-door” portals that required physical contact with subjects, )
and “telephone-booth” portals that were too confining or too slow, Several years of research on this portal at Penn State
During the development of these devices a goal of 6 s/persiis:124,353,354,37have yielded the following results, summa-
sampling time was set by the U.S. Federal Aviation Administr!2€d Priefly:

tion (FAA), but was difficult to achieve.

. i : ; . 1. The human thermal plume is a natural whole-body sampling
General reviews of people-screening portals are given in system, from the toes to the top of the head.

[348,310Q. The role of air jets was described earlier in Sec. 2.5, 2. As shown in Fig. 4.brief pufferjet impingement(e.g.,

and related material on explosive trace standards and computa-" 50 m9 is the principal means of liberating trace particles for
tions of the human thermal plume is found[it830,359-363 detection P P 9 P

TQ eblflrsst rp])ul?llsged |r2/4est|ghat|on Of. p%rtal gerodyr}llamlcd; 'S'3. Most of the readily-available signal from a human subject
probably Schellenbaurf864], who examined various airflow di- can be had in a few seconds of overhead sampling time.

rections in tube-type and booth-type portals. He used a 4. Th o ; :

. . The detectability of 1Qum-range explosive particulate
department-st?reh minneqwsﬁe Selc. Cl’:.2)2 SOHhIS results talée 4 o lraces originating beneath the clothing is affected by cloth-
no account of the human thermal plume. He recommended a 4 horosity only when the porosity is less than about 4%.

downward airflow over the subject with collection at foot level. g Layered clothing reduces the chemical trace signal level, but
Hobbes and Cond¢365] studied the aerodynamics of an the signal remains measurable.

“open-clamshell™-type portal by CFD simulation. This portal drew g Trace explosive sources beneath the clothing transfer to both
a large flux of air—350 liters/s for 10 s—horizontally across the  the clothing and the skin, but remain highest in the vicinity
human subject and into inlets for subsequent interrogation. The of the source.

induced airspeed was up to 2.4 m/s, more than ten times the7, Human skin flakes do not figure prominently in the transport
commonly accepted maximum for comfortable room ventilation  of dry crystalline explosive traces in the human thermal
[366]. Vortical recirculation was generated on the lee side of the  plume.

subject. Air-jet puffer effects and the release of explosive vapor as8. Lateral air currents in the range of normally acceptable ven-
a passive contaminant were also simulated. Although this portal tilation drafts do not substantially affect the performance of
design lacked sophistication, it was the first study to apply the an open portal such as the one tested here.

tools of fluid dynamics to people sampling. 9. When pure explosive vapor was released inside the portal,
Sandia National Laboratories developed a vertical-downflow up to 25% of it was captured and detected by the present
portal in the 1990$356,368,367,358 a version of which is now metal-mesh pre-concentrator.

commercialized as the Smiths Detection Sentinel Il. A human sub-

ject enters the portal and turns 90 deg, whereupon an array of g3 3 Human aerodynamic wakEor a lateral airspeet)

air-jet puffers and two ceiling slot-jets sweep the body for chem{br walking speed in still ajrof more than about 0.2 m/s the

cal traces. The cross-sectional area of the open portal is redugghan thermal plume ceases to exist. Instead, the thermal bound-
near the floor, where a portion of the induced downflow is colyy |ayer of a person is swept downstream to form a wake. This
lected for analysis by an IMS detector. This is purely jet-assistedy pe seen by comparing the Reynolds number Re and the
sniffing, since thermal convection from the human subject cann@ashof number GrgBATL3/12, whereg is the volumetric ther-
play a significant role. It bears a similarity to air-shower or airma| expansion coefficienpT is the temperature difference, ahd
douche deyices used for particle removal from clothing in clegg the characteristic width of the human bo@72]. Without lat-
room practice([17] Chap. 14, and369)). _eral airspeed), Re— 0 and Gr/Ré> 1, meaning that the flow is
Quite a different approach is taken in the GE Securityominated by free convection. On the other hand, for ordinary
EntryScaﬁ, Fig. 28, which uses the natural upward motion of thgyalking speeds in the/=1 m/s range, Gr/Re<1 and the flow is
human thermal plume to collect and preconcentrate the plurggminated by forced rather than free convection. Sindeno
overhead for IMS interrogatiof857]. This is convection-assisted jonger matters in the latter flow regime, we use the expression
sniffing, but air-jet puffers also play a role in both ruffling thethuman aerodynamic wake.”
subject’s clothing to release particles and in encouraging the up-Several investigators have studied lateral airflow effects on the
ward airflow. An aerodynamic contracti¢see, e.g[370]) is used flow about stationary humans, mostly motivated by air pollution
overhead to capture the human thermal plume at a flow rate upctantrol and the reduction of worker expos(t&5,373-377. In a
50 liters/s and pass it through a %00 cm metal-mesh different reference frame, however, a person walking with speed
preconcentrator. U in still air produces an aerodynamic wake in which the wake
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Fig. 29 Diagrams of motion in the human aerodynamic wake
from smoke flow visualization experiments [372,378], (a) me-
dian plane and (b) dorsal plane

flow follows the person. The human chemical trace signature, f{[:-g' 30 Corresponding to Fig. 29, computed instantaneous

. = . otion of a scalar contaminant in the aerodynamic wake of a
merly in .the human boundary layer, becom.es distributed in ﬂgﬁnulated human [372], (a) median plane and (b) dorsal plane
wake. It is common experience that a walking person’s scent in

still air is noticeable to a fixed observer only after that person

walks by. ) ;
X . e was first suggested i857]. It appears possible to take advantage
This has been exploited as a means of “sniffing” human chean the wakegsgmomer[ltum]in thiF;prega{r@l?78,37q. However, com- 9

cal traces by sampling the wakes of walking peopl§,ieq tg the case of the human thermal plume, sampling a much
[37.2’378’379 '_I'he advantage over the porte_ll te_chnolog_y d arger volume of air over a shorter time interval will be a severe
scrllbed above is .that people are already walking in security s %t of pre-concentrator technology.
narios such as airports and, by not making them stop and stand,
the sampling time can be reduced substantially. For example, ex6.4 Landmine Detection.Landmine detection is another se-
periments[378] have shown that the wakes of two walkingvere test for sniffers, as described in Sec. 3.3.2, because of weak
people, one following the other, are aerodynamically independerace signals outdoors in the weather and terrain. At the same time
for separation times greater than about 2 s. the global landmine crisif380-383 extracts a shocking human
The Penn State worl372,378,379 still in progress, has char- and economic price and demands solutions.
acterized the human aerodynamic wake as the unsteady vorteloogs are the principal detectors of buried landmines, even
shedding from an irregular 3D cylindrical bod¥ig. 29. The though it puts them and their handlers at risk. The DARPA Dog’s
irregularity mostly concerns the legs, which act as individudlose program in the late 1990s sought to produce artificial noses
shedding cylinders with through-flow between them. This cause§similar sensitivity, and several of such were actually developed
the wake to dissipate more rapidly downstream of the legs thg287,288,292,384 though none has supplanted the dog so far.
downstream of the torso, where a large recirculation zone occu¥énon [310] and Pamuld384] have both surveyed this topic in
There is also a downwash component that causes the lower wahkere detail than present space allows.
to interact with the ground and to spread laterally. Despite theseBriefly, as part of the mentioned DARPA program an Explo-
several complicating aspects, the human wake nevertheless sheives Fate and Transport Team characterized the trace signal level
unmistakable Karman vortex shedding in the dorsal plane showrat one can expect to find above a buried landmine
in Figs. 29b) and 3@b). [162,385-387. Trace explosives and related mine compounds en-
A CFD solution of the Reynolds-averaged Navier-Stokes equeer the surrounding soil, collect below the mine, and percolate to
tions[372], despite a simplified representation of the human bodthe surface in a “halo” pattern about the mine location. Moisture
is able to portray all the significant aspects of the human walead daily variations in soil temperature aid this process. For the
flow that are seen in the experiments. For example, a scalar cabiquitous 2,4,6-TNT mine, the prevalent trace signal is from 2,4-
taminant representing a chemical trace from the human body d@NT, which is more volatile than TNT and is present in the
cays exponentially with distance downstream as the wake mixadlitary-grade explosive as a contaminant. It is this “odor signa-
out with the surrounding air. Thus one should sample the eatlyre” that a dog actually detects, rather than the bulk explosive
wake just downstream of a walking person in order to acquire th215].
maximum trace signal strength. The mass of explosive-related compounds in contaminated soil
The design of a portal to sample the human aerodynamic walsove a buried mine was found to be on the order of tens of
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micrograms/kilogram of soil. 2,4-DNT vapor is also presentinth
boundary layer directly above a typical anti-personnel mine, bl
only at a concentration of perhaps 100 picograms/liter at equili
rium under ideal atmospheric conditions, and such conditions 2
not usual[387].

Overall, then, the chances are bleak of sniffing explosiv
related vapor in the air above a buried mine. Anecdotal evide
from dog handlers that their dogs air-scented landmines at 5
must describe extraordinary rather than usual circumstances.

Soil particles, though, are another matter, since they carr
thousand-fold higher concentration of explosive-related signal.
dog’s ability to stir up, inspire, and probably desorb trace chen’
cals from such particles was discussed in Sec. 4.3.1 and
[103,164. Some developers of landmine sniffers also attempt to ) )
take advantage of soil particles by thermally desorbing tracE- 31 (& Schlieren image of an acetone vapor leak cascad-
from the soil using laser radiation before sniffifg8g], by dis- N9 downward and being inhaled  (arrow) by the snout of the

. . . L . Cogniscent artificial nose  (b) a hand-held, wand-type sniffer
turbing loose particles using air je{810,384 or ultrasonics probe is used to search for a natural gas leak, visualized by

[389], or by collecting particles electrostatica[l$90]. large-field schlieren optics ~ [46,408,411]
Finally, Mineseeker.comid91] floats a mini blimp over a min-
efield and uses radar to locate landmines. One could lower an
elephantlike sampling trunk with assisting air jets almost to
ground level and sniff for them as well. spectrometric analysis. Cotton swabs, breath 468,401, and

6.5 Biohazard Detection.The topic of sniffing for bioaero- skin headspace collecto402,403 all work without the need for

. - . . . actual sniffing.
sols was introduced in Sec. 3.1, including some unique sampllﬁﬁ u .
and detection problems and the issue of distinguishing biow&l\rGardner and Bartlefl9] speculated that "Perhaps in the future

agents from the natural airborne background. Chemical plumes—e electronic nose will be able to sniff the human body di-

one way of dispersing biowar agents—were likewise Coveredyﬁgctlym” That future has already arrived in the form of portals

g : ; t sample the human thermal plume, Sec. 6.3 and
Sec. 3.3.3 and aerobiology was introduced in Sec. 1.1. Furt E h .
references are also available on sampling biological aeros ,120,124,357,311However, modern nonintrusive portal tech-

[106,10§, biosensorg392], and chemical and biological terror- nology has yet to be applied outside the realm of explosive trace
ism [’12] ' ' detection for security screening.

Consider the anthrax letters that were mailed in the Unit dNonetheless there is considerable recent activity in artificial ol-

States in late 2001. Finely powdered anthrax spores in ordingfipion for medical diagnosis, mostly using only intrusive sam-
paper envelopes became airborne due to handling, costing sev! methods._Appllcatlons mt_:lude Sté.lph’ strep, :_:md e_—col| infec-
lives and contaminating two large mail-handling faciliti@93). ions, breath signals for uremia and liver cirrhosis, urinary tract

Postal delivery-bar-code sorters squeezed the air and spores O@Iﬁpnouncfdstg-bneorgglgwsolfl‘itc?r?r? g;né\ggagglgtrgncljstlgg‘d‘loldagglsdisease
the envelopes by belts and rollersuin—3 um anthrax spores 9 9 9

can pass easily through the 26n pores of a typical paper enVe_surveillance have been suggesfédo] but not yet realized.
P y 9 p yp pap Clearly, modern sniffing for medical diagnosis still has many

lope even if it remains unopened. Tearir1_g open an anthrax.'ﬁ”%glrdles to overcome, as described by Persaud, Pisanelli, and

en¥ﬁg)pNeo¥\t’ﬁfof0_lénrﬂ %Omcﬁ]”sgorfisr;'ﬁfna'gf.{i?,fofgmﬁ”,;'"gﬂgg'Evans[407]- Despite its enormous potential, this application is
uentl developed a biohazardp detectibn S s(mé) for’ the epresently more driven by sensor research and developf&eat

q Y P Y {Qan by sampling issues, and there is not yet a commercial real-

U.S. Postal Service to detect any such future attacks upon &tion even of a breath analyzer. The medical arena is a difficult

postal system. BDS compresses mail to force the air out of e Je; human variations can produce different odors from the same

lopes and captures it in a sampling hood positioned over the fifgl oo "isdiagnoses are bad news, and chemical interference is
pinch point in the mail processing operation. From the sampl% mmon. Also the funding tends to favor therapeutic rather than

airflow a Spincon high-volume liquid-based cyclone collector a%l'iagnostic instrument development. Finally, even though current

quires biological particles and uses the polymerase chain rea}ctlgg analyses of blood samples and cultures take days, any replace-

Bacillus anthracisin the mail. BDS is a fully automated systemﬁaf?gcfgghnomgy must at least achieve the accuracy of the current

that sounds an alert when a biohazard is detected.

7.2 Leak Detection.Wand-type leak-detector sniffer probes,
7 Other Applications Fig. 31[408], were discussed in Sec. 3.2.4 and elsewhere. They
have very broad industrial applications in leak-testing turbines,

7.1 Medical Diagnosis Since the beginning of medicine, hu-condensers, heat exchangers, tanks, refrigerant systems, and pipe-
man body and breath odors have been used to diagnose disd¢iass. Explosive rocket propellant leaks must be found, as must
[394,395. Dozens of diseases are known by their characterisfigaking solvents or fuels that pose fire, explosion, or environmen-
odors, such as acetone breath from diabg86§], the putrid odor tal hazards. Natural gas leaks are expensive as well as dangerous.
of scurvy, and the sour odor that precedes mononucl¢89ig. Usually a hand-held sniffer probe acquires a sample by suction
Also included are characteristic odors due to chemical poisoniagd conveys it to a sensor such as a helium or flame-ionization
and substance abuse, and even schizoph{&8igl. The popular detector. The sampling time rises rapidly with the hose length, and
press has made much of pet dogs purportedly sniffing out canéer long hoses of typical 1-cm-or-less diameter it becomes pro-
in their owners. However, lacking quantification and in the face dfibitive. Example calculations for sensitivity, standoff distance,
modern laboratory analysis, olfaction in medical diagnosis héisear speed of probe motion, response time, and calibration are
languished. given in[139].

One reason for this is that most methods of artificial olfaction Some other sniffer types are not hand held, but rather vehicle
for medical diagnosis are intrusive and slow. Dravnieks et ahounted. In one case, Boreal Laser’s aircraft-mounted GasFind-
[314,349 and Distelheim and Dravniek899] used a “body tube” erAB system is flown over natural gas pipelines, sampling and
sampler (Sec. 6.3.1 and gas chromatograpiGC)-mass- analyzing the air for leaks. Dogs are also trained to sniff for gas
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leaks.
Hand-held sniffer probes are accurate and sensitive, but search-

ing is slow and coverage of large areas is labor intensive. Broad-17.

field standoff optical methods can supplement probe detection by
covering large areas quickly at reduced sensitivity levels. At least
three such approaches have been suggegtetR thermography
[409], which depends upon a thermal difference between leaking
gas and the ambient air and usually only examines ground signa-
tures;(2) Schlieren imaging46,410,411, which requires a small

refractive-index difference but images the air itself rather than the 19.

ground; and(3) laser absorptiof412], which can detect isother-
mal airborne leak plumes but requires expensive and cumbersome
equipment.

20.

8 Summary and Future Directions

8.1 Summary. For convenience, the high points of this tour 22

of the world of sniffers are repeated in list form:

23.

1. Little previous effort has been spent on the biofluid dynam-
ics of sniffing or on the design of sniffers for artificial olfac-
tion.

rather than sharp-edged holes.

. Brief air-jet impingement is the principal means of liberating
trace particles from surfaces for detection by sniffing.

. The proper model for airflow about the human body in still

16.

18.

21.

. Nature favors energy-efficient faired bellmouth-type inlets 24.

Mankind’s worst enemy, the mosquito, has received little
attention from fluid dynamicists.

Invertebrates who track chemical plumes use the Reynolds
number to control the effective porosity of their antennae
sensor hairs during sniffing.

We can understand a lot about natural sniffers but not all,
because biomimicry is a sort of reverse engineering: The
final product is available, but no logical path is revealed to
get there.

Compared to nature, the sniffers now used in man-made
detectors and artificial noses are almost devoid of sophisti-
cation. Several possibilities are suggested for their im-
provement.

Vapor and particle sampling are both important in nature as
well as in artificial olfaction.

In people sniffing, the human thermal plume is a natural
whole-body sampler, from the toes to the top of the head.
The human aerodynamic wake has been characterized, at
least initially, by both experiments and computations.
Modern nonintrusive portal technology for sniffing people
has yet to be applied to medical diagnosis or anything else
outside the realm of explosive trace detection for security
screening.

This paper has collected scattered information and has as-
sociated diverse fields in the hope of establishing a “new”
topic in biofluid dynamics.

air is the human thermal boundary layer and plume, not the8.2 Future Directions. Future directions for the further un-

“personal activity cloud.”

stood based on their buoyancy and momentum.

. Nature teaches proximity sniffing, but the most advanced 1.
natural nostrils, such as the variable-geometry dog’s nose,
also use exhaled air jets to enhance the reach and particle
uptake of the process. 2.

. A vertebrate does not require variable-geometry external
nares in order to be macrosmatic, but several of those exam-
ined here do have them. We know something of their func- 3.
tion in dogs, but almost nothing in the case of other animals.

. The natural narial sampling orifice of terrestrial vertebrates
is typically either round, inverse-comma shaped, or slit
shaped.

. A proboscis, nostril, and mobile platform are required for
vertebrate sniffing, but proboscis length is only weakly con-
strained by nature, as demonstrated by the elephant and;
Kiwi.

10. Small turbomachines can move fluids for olfaction more ¢

effectively than nature’s usual bellows action. '

Macrosmatic terrestrial vertebrates usually have large nos-

trils for high airflow rates and long straight snouts to pro-

vide enough space for both the olfactory and the air-
conditioning apparatus.

None of the animals can afford the time to collect and later

desorb odorants. They acquire the odorant by sensor cells.8

generating neuronal signals that are sent directly to the

brain in real time. 9.
The peak mammalian sniff rate of a few hertz ignores

higher-frequency information, such as some of that con- 10

tained in chemical plumes. This suggests that a man-made

continuously-inhaling sniffer could gain an advantage in
frequency response by not having to accommodate respirall
tion.

For olfactory sensor chamber design the best model is the

fish: simple, elegant, and not complicated by dual use.

Mounting the sensor chamber off to the side, as in the dog's 12

nose, appears just to be nature’s way of accommodating

olfaction with respiration.

Reynolds analogy plays an important role in olfactory sen-

sor chamber design.

11.

12.

13.

14.

15.

Journal of Fluids Engineering

13.

derstanding and development of sniffers are summarized in the
. Plumes bearing chemical traces can be classified and undefowing list:

Study the nostril aerodynamics of the rabbit, rat, and opos-
sum in order to broaden the present knowledge of natural
sniffing systems.

Carry out an experimental and computational fluid-dynamic
study of an eel's or shark’s olfactory capsule as a primary
example for sensor chamber design in artificial olfaction.
Study the internal aerodynamics of the dog’s nose by par-
ticle image velocimetryPIV) measurements and CFD simu-
lation as another important example for artificial olfaction
sensor chamber design.

4. Carry out flow visualization, PIV velocity measurements,

and a CFD simulation of the airflow around the upper hu-
man body, breathing zone, exhaled jets, cough, and sneeze.
Perform turbulent and unsteady-flow CFD simulations of the
flow inside the human and dog’s nose.

Gain a better understanding of mosquito aerodynamics, the
effects of ambient wind, mosquito plume tracing, and poten-
tial aerodynamic strategies to defeat mosquito host location.

7. Beginning at the fundamental level, examine current and

prospective new artificial sniffer types in terms of practical-
ity, efficiency, proper use of fluid-dynamic principles, and
the performance criteria stated in Sec. 5.1.3.

Conduct research to better understand jet-assisted olfaction.
Study more effective means of aerodynamic sniffer isolation
from the effects of an ambient breeze.

. Develop ways to replace the present adsorb-desorb-

analyze-detect cycle with more direct olfactory sensing, as
in nature.

. Develop flexible, controllable “elephant trunk” snouts for

land-based robot sniffers in order to improve their olfactory
mobility and performance by aiming their trunks at local
regions of interest.
. Apply modern nonintrusive portal sampling technology to
human medical diagnosis.
Produce an educational film on the fluid mechanics of scent
plumes, skin flakes, and the aerodynamics of scenting for
the dog handler and the artificial nose user.
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