fube has 2 spiracies, 4 mm in diameter, on the (ube wall. After passing through the spiracles,

the cooling water, which iz between the cudf and inlet tube, flows to the upper part of the
cuffl During this time, the cuff wall is cooled by heat transfer between the inner cufl wall

and the ceoling water, Finally, in the upper part of the cufl, the cooling water flows in 2

directions and out tirough the outiet tubes.

2.2, Experimental apparatus and procedures

A schematic diagtom of the oxpevimental facility used in the present fnvestigation is
shown jn Figwre 3. The experimental apparatus includes a heater: a cooling water
circulatory system, including a How-control device; measuring equipmend; and the oufl that
is placed in the phantom. The cooling water sircalation apparatus can adjust the temperature
and quantity of cooling water flowing inte the cuf. Distlied water was used as the working
fluid, The runninz water temperature was mezsured with a K-type thermocouple (D = 0.3
e inserted into zach wbe. The phantom can be maintained at temperaiures ranging from
roam temperature to 45°C, by adjusting the heater. The K-type thermoconple (D = 0.3 mm)
was positioned i the phanton m 6 3’34.}3&1& {T; ~ T, positions are shown in Figure 7)
between 2 places, cuff and phantom, and the phantom temperature and local surface
temperature of the culf were measured. All thermal data were fed inta computers through a
data logger at 1s intervals,

The phantom was maintained ot e sciling temperature, after the specified quantity of
cofd water ot the desired temperature was passed through the cuff, while the output of the
bund hester, which wes wound wound the phantom circumferente, was adjusied by heat
transfer. In the temperature setting of the pi}auiom, the mean values of the 2 thermocoupies
instalied near the euff were adjusted to the phantom temperature. The data were collected,
after a steady state was achicved.

For the visualization experiment, the cuff was placed in the standing position after it was
taken out of the phantom, and the cbservations were made, The water was mixed with
insoluble Tnorescent particles (d = 165 pm, p = 30 kufm’: to trace the water dispersion)
for better visualization. A speeified quantity of this water was supplivd, and lhe flow
behavier was recorded with a digital video comera.

The inflow temperature ranged from Ty = 3~10°C during the experimental conditions,
and the inflow, V = 100-1500 ml /min, The temperature of the phantom was maintained at

Y
i

it

Thermocouple
I i »

Conling system
3 {(with pump)

r

Compute

[ B KA N

Phartom|

Fower
meterl

Insulation

Heater  Transformer

Frgure 3 Experimental sppatatus
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T = 55-38°CL In addition, the measurcment accuracy of this experiment was as follows.
_The relative temperature difference of the thermocouple was within 0.4 K. The temperature
reading orror was within :2.5%, considering the accuracy of the measuring equipment. The

grratic readings of the inflow were within £0.02% of the accuracy of the Tlow meter,

2.3, Huroan bady equivalent phantom

The planton used i this experiment was a wet type one constructed with agar, borie
acid. and water. The mould was removed, and the phantom was foft to solidify and form 2
cylindrical vessel. This vessel was used for the experiment and placed in an independent
{standing} position. The proportion of the components used to construet of the phantom is
shown in Table 1. Furthermore, the thermal condactivity of the phantom measured by the
unsteady probe techaigue as well as the thermal conductivity of the representative organism
is shown in Table 2% In the experiment, the phantom was lap coated to prevent changes in
the waler content due to evaporation from the exterion

Table | Principal components of the phastom holy

Component Apar Botie acid Water
Ratio {wi%) 30 | 12 5.8

Tablc 2 Thermal condnolivity

Phantom Ref, {10}

Thermal conductivity om o
i 0.532 0.34~0.68

2.3. Calculation grid and numerical analysis method,

The GAMBIT grid generation software vwas used for analysis of three-dimensional
CAD data from the cuff (o prepare a calculation grid. The calculation grid comprised a
wiangular 8-faced cone grid in the cufl interior and in the vicinity of the wall, The
cafeulation grid is shown in Figure 4 {lefts coronal plane, rightt median section). The
calculation grid nwmber of the cuff is shown in Table 3. In the numerical anzlysis, the
thermo-hydrodynmmic analysis software FLUENT was uwsed.

Figare 4 Mumericad grid for the cadT 353

81



Tauble 3 Grid siee of the aull modcd

Celis Faces Notes
803,739 1,803,366 261420

3, Besulis and DHeepsston

3.1, Surface temperature of eull

The relationship between surface lemperature and inflow at different positions in the
caff is shown in Figure 5. The phantom temperature and inflow temperature were fixed at
37°C and 3°C, respectively. The horizontal axis of the figure indicates the thermomenry
position of the cuff. When the inflow is small, the cuff surface temperature is generafly
higher. Furthermore, no large differences in the inflow temperature were obhserved at the
different cuff positions. However, the surface lemperatures at positions 3, 5 and 6 were
lower than Use lemperatuse af the other positions in the cufll Due w these reasons, another
factor was considered. At around position 3, there was an increase In the flow velogity with
a rapid decrease in the water course at the cross section of the cuff center, which led to an
increase in the heal transler coefTicient, thereby enbuncing the cooling effect. Furthermore,
near position 3, afler the fluid that passed through the center of the cull was pooled in the
bifurcation, this fhiid was divided between both the cuff branches; the water pools again,
and the local heat wansfer increases. Thus, there is increased heat transfer at position 6 due
1o this complicated fiow, including the rotational flow, generated near the cuff exit.

3.2, Heat transfer characteristic {rom cuff surface

Complicated flow, including rotational flow, through the cufl facilitates heat transfer to
a large extont within the cuff surfiace. The purpose of the cuff is to cool the biotissue in the
pharynx division. Therefore, it Is important to understand the heat transfer characteristics
between the cooling water and cuff wall surface trough which the water flows. Next, the
coofing water inflow (V) and amount of heat transfer {Q) calculated from the temperatare
gradient [T} were examined. The relationship between the cooling water inflow and

22 ' . : ¢
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1300
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B @700
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£ ®
= 140 & .
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Figure 3 Temperatwre distribistion in the cd{ withite the phantom
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amount of heet transfer and cooling efficiency (1)) of the cuff is shown in Figure 6, The
cooling efficiency is caleulated with the following equations.

T_ ’ ”—T p (¥ 3
. L TR T | 1} 1%0] {1}
‘T{"i.x‘ - ?:,'i

Where, T,,, T, and Ty, are the cuflinlet temperature, outlef temperatuee, and phantom
temperature, respectively, The phamom temperature and inflow wmperature were fixed at
T = 3770 and Ty, = 5°C. Since the seasible heat gaffic volune Increases, as the inflow
mereases, there is 8 synchronous inerease 1 the amount of heat transfer. In addition, the
rapid fow, including the rotational flow, genersied in the cuff due o the increased inflow is
gonsidered 1o be a fuclor inducing an increase in the amount of heat transter. Moreoves, i
has been proven that the cooling efficiency exponentially decreases with zn increase in the
inflow. This is because the increasing temperature gradient (1T ) of the inflow decreases
with increase in the inffow. In particular, the cooling offickency stabilizes at approximately
6% al an inftow of over 750 mi/min.
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Figure 6 Roelation between heat wquantity and conling cfficieney

3.3, Flow characteristics in cuff

Numerical results of temperature distribution {lefl side) and cufll’ flow pattern {right
side) are shown in Figure 7. (a) and {b), respectively, in the case of eooling water inflows of
500 mifmin and 150 m¥min. The inflow temperature was T, = 5°C in both cases, The
temperature coaditions of the culT surface during the analysis have been set as foilows, On
thie basis of the relationship bebween heat quandity and cooling efficiency in Figare 6, In the
boundary condition, the heat flux {q), which was divided by the cuff surface area {8 =
0,02 1mm), was calculated in terms of the amount of heat transferred (Q). The heat flux ()
at ¥V = 380 mimin and 150 mbmin were 3818 ’mei and 2068 W/n®, rospectively. The
temperature distribution in the oross section of the cuff is showa in Figure 7. In the right
figure, the three-dimensional locus of the representadive particles i3 shown in order to
demonstrate the flow characteristics in the cufl in terms of the fluid paricles. On the basis
of the temperature distribition, we observe that the temperature at the tip and in the central
section of the cuff is low. In addition, the temperature at the point whereof the fluid pools,
ie., i the mea of the rotational flow, is alse low These resulis are in agreement with the
measurement tesulis in Figure 5. Purlheomore, the fomperatare in the cuff in general
decreases with the increase in the inflow, and there is Tusufficient heat excliange. Moreover,
as seen in the flow pattern in Figure 8, the fudd in the cuff exhibits a rotational flow in the
cufl tip, and il turms at the apper part of the cuffl It was confirmed that there i3 patred
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retational fow at the coff center for right and lefl. These flow patterns are largely affected
by the change m the rtlow. As shown tn Frgare 7, it ts understood that the How at the cuf?
central part is runofT without reaching the eull surface by the rolationn] fow, This means
that the cooling water which has been flowing from below the caft did not conirtbute {0 the
heat transier with the cull surface. Moreover, i is proved that the central part of the
rotational flow is the stagnation point. From these peints of view, it secms to be possible
that the thermal efficiency inercases by suppressing the rotstional flow in the ceff. The
Images in Figure 8 (a) and {b) show the streamdined flow in cach pact of the cull, Figure §
() shows the central portion of the codt and (b) shows the cuff tip. The total inflow is 300
ml/min, Figure § {a) shows the paired rotational {low for the right and leR afler the fluid
pooled in the cull bifurcation and after it was distributed in the arms. Afler the infensc
rotationat flow in the cull tip, the Nuid turns centrally and fows in a restifinear manner
{Figare 8 (b)) The flow charactedstics are in accordance with the numcericat result shown in
Figure 7.
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Figure 8 Rezubis of the visnalization cxperiment
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The vse of the pharyngeal cooling cufl’ for the treatment of brain hypothermia was
experimentally and numerically analyzed, and this analysis fed to the following conclusions.
{13 1t was possilde to clarify the heal- transfer characteristics of the pharyngeal cooling cufl’

experimentaily and numeric-analytic. Furthermere, the results of his simulstion resuli

agreed with the experimental results.

{2) The cooling efficiency and amount of heat transfer in the cuff are dependent on the
inflow, §-=§m vever, it is constdered thal heat transport efficiency and local keal exchanse
lower by the rotational fow fn the cuff. The cooling efficleney stabilizes st 6%, when
the inflow is grester than 750 wmlifmin, This i3 a wery low value, and further
improvemenis in the cuff are necessary. Currently we are porforming both experimoenizt
and computational analysis on a cufl design which suppresses the rotational flow
shruetuse,
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the brain ix p%’i‘sii::fff’ﬁ apadnst damags
The temperature of {hs‘j brgdn 1n lowered and mainda é’:i at fow temperatures by lowering zh*
body temperatire. The latier i ashdeve
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mio mdld hvpothermia (o
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water-voolhing blankets, headgear, ¢ :m‘ mutffiers for Ehz purpnse of ;{minm of imx}v
parts and lowering 1§7f~ brain temperatore are widely being conducted™,

Takeds ot 5177 developed the pharynges! cooling cofl by snalvzing the anatomy of
the pharyng division, This cufl ks nserted through the oral cavity of the patient, and it can
cool the commaon carstid artery, which is located approximately 10 mm ouiside the pharvax
divigton. Thus, conling and temperature controd of the brain i3 possible via the conling of

the dn blood vessel that supplies the brain. Tn comparizon with conventions! whole-body
cooling, the pharyngeal cuff method rapidly lowers the brain tempersiure, Moreover, the
coamtermensures of avute brain tomperature management and early braln conling iitzfii’u,
He-threatening umerpencies related to bralo diseases are possible with the Jatter method,
For geute phase of brain cooling, we assune tat physiologion! saline at 3°C should be used
to cool the cufl. Daring animal festing, this cufl bas been shown o produce 3 gosd
coaling effect on the brsin. However, the optimum cooling efficiency of (his cuff has n
been determined sinee the stracture o this device is based on the pharyax ghape.

O the basis of this background, we aimed 1o gnderstand e How and heat transifer
chamctpristivs of the pharynpest cooling cuftl In this report, is order o ovaluste pharyngeal
peddting, we ambvand te heat ransfer between the coff and a phantom body (hereafie
reforred (o sy phontoml, which was considered 1n be equiveleont to the buman body, In

partioular, we focused on the thermal transport charactoristics within the eufl. Further,
gomputational fuid dynamics {CFD) analysis wag carvied oul o analyze the flow I the

cuft, and the cooling efficicocy was examined under varfons conditions, These resulis are

sefiyl as they provide the basie information required o develop the clinical applications of
the eufl and 1o improve the cuff 1o wnsure beltey cooling of the pharynx. Puture studies will
address transport within the surrounding tissue and the effectiveness of caretid avtery blood
gooling,
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