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HEAT TRANSFER INTO OPEN METAT
THERMORESISTOMETER CUP3*

L J. PFLUG" avp W. B, ESSELEN
{Fniversity of Massachusetts, dmhersl, Massachusetis

During the initial testing of the thermoresistometer developed (6) in
this laboratory for the study of the thermal resistance of baeterial spores
it was ohsarved thai samples of 0.01 ml. magnitude did not spread them-
selves uniformly across the hottom of the enp. Tnstead, a droplat with a-
depth of more ihan four limes that of a unilorm layer was formed sither
in the center or at the edge of the cup. When larger samples Lhalk would
cover the hottom of the cup were used, a menisens was formed at the cdge
of the cup giving a much greater depth at this paint than would he obtained
il the gemple were spread nniformly across the eop. Tt wag alwo obgerved.
that when sample volumes as larga as 0.10 ml. were used the results were
not always the same ag with smaller samples. Sinee af bigh temperatures
the time intervals for a geries of tests might he in the order of 0.010, 0,015,
0.020, 0.025, 0.030, 0.035 and 0.040 min., a small lag correction factar result-
ing fromn inereased sample depth could produce erroneous resnlts,

SBognefast and Banjamin {8) studied the heaiing lags in thermal death-
time cans and tubes to arrive at acenrate correction factors, Sinmbeo (9)
celeuiated the heating raiss of samples in his thermoresistemeter cup and
eoneluded that sinee the food samploy were within 0.3°F. of the stecam
temperature for at least 9 seconds (0.15 min,) of a 10 seeond {(.167 min.)
process and for a greater percentage of the time for all longer processes,
nu correction was nacessary. The present study was made to determine the
aceuracy of exposures as shork as 0.000 min. The four phases of the problem
presented here ave (1) the cffcet of a lag correction factor on the resulling
thermal death-time ¢urve (2) heating characteristies of samples in thermo-
resigtometer cups (3} measurement of the heating rates of samples in ther-
moresistomeler eups, and (4) effect of sample depth on spore dastruction
time.

The sammple cups are 0.443 Tn. in diameter, 0.833 in. deep, and were
drawn from 0.25 lb. tinplate (0.008 in. thick). The depth of sample in the
cup unlese otherwise stated refers to the depth if the sample were spread
uniformly across the hottom of the cup. The initial temperature of the
sample is faken at 100.0°F. below the exposure temperature. Tag eorrection
foctors arc colculated 1o 01°F. below ithe exposure temperalure (g =
0.1°I%).

* Jontribution No. 955, Massachusetts Agrieultural Ezperiment Station.

* Present nddress: Agriculbural Engineering Department, Michigan State Coilege,
East Lansing, Mich, ‘
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1. J. PFLUE AND W, B. ESRELEN

THE EFFECT OF A LAG COREECTION FACTOR ON THE
THERMAL DEATH-TIME CURVE

A thermu! Jdesib-time enrve that is a straight line ve semilogarithmic paper can
ba dascribad by the eguation '

t a5 — F : {1}
g &= = ——
or
sy - T} (“?‘L)
t o= (T 19T = »

When dato are available for time-temperature relationships that gtarilize only a portien
of the replieatc yumples exposad, Tha method described by Stumbo, Murphy and Coshran
{7} ean be nged. The time of heating (T) in minutes at exposure tempergture is used
ie the formmula

U {3)

2= lIoga-logth

to obtain & value *D,*? which is the time reyniesd to redeea tha nomber of organismg
by 20%. When a thermal death-time eurve 18 congtructed by plolling ‘¢ '? values as
a, funetion of temperature, the resuliing enrve will be a thermal death-fime curec
reprosenting the kime for 90%h (1D) destuetion of the organisms, Thiz thermal denth-
time curve ean be degeribed by the equaion

1 _ 250-T ()
nE Dana - b

Failure to apply o lag correetion factor (f.) may alter a straight thermal death-time
eurva 80 that it will no longer be & siraipght line on semilogarithmic paper, I the lag
eorceelion faetor i% the caunse of the digression from tha frus thertgl death-tima eurve,
the digression will take placc only when the Ing eorrection factor i3 signifiegnt in
compariaon ta the heating time.

If the heating lag is greater thun the cooling lag, the lap corresfion factor (t.)
will be subiracted from tha azposure time (B, to give {he tima of heating (U} or

By = te = T (&)

When the cooling lag is grooter than the heating lag, the heabing time (U) will be
the aum of the lag corvection factor and viposure time.

When oneorrested values are used; the equation of {ha thermal death:time eurve
for 1D is

B (6}

D’. * lvga-logh

Reorranging equation {(56)

and gubstituting in epuation (6)

_ T+t
De = loga—1log b
T te 7
Dy — W IC- !
laga-lugh lnga-lagh

The error iy found hy subiracting equation (3} frowm cguatior (T)
. S (&)
lega—logh

L2}
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time curve for 1D and the D curve error facter T with a true Dy of 1.0 min,,

log a — log
z of 18°F. for a 0.10 ml sample in a thermoresistometer cup where t. iz 0.05 min. and

{log a—1Iog b) is 5.0.

Tu Figiore 1 the relationship of D, Dr, and t. (log 2 —Iog b) ia illustrated graphically,

When the sample under sludy foils to reash 0.1°F. below the exposnre temmeratnura
(g=0.1°T), the data obtained are not truly represeniativa of the thermal resistance
at that lompersture and perhaps shonld Lhe discardal. Inm the tharmoresistomater eup,
whare the innoculum is assumed to heat as an infinite plub and when the thermal denth-
ttme enrve has & = (z 18 defned as the IN® required for the thermal death-time eurve
when plotted on scmilegarithmie paper Lo traveras ene log eyele.) of 18°T. the limiting
ratio of Br/t. is 2.25. When Bn/fe is less than 2.25, the point of slowest beating in Lhe
sanple will not reach 0.17F. helow the axposure femperatura,

Heating Characteristics of Samples in Thermoresisiomeler Cups

Tha sample of material in a thermoresistometar eup iz geomeirieally o finite cylinder,
Tho height of the eylindoer eorrcaponds to the dopth of tha sample, and the dizameter is
the inside diameter of the cup. When the sample iz infredueed into the steam chamber,
hent flows from the steam inta fhe sample. The tatlo of sample diawmeter to sample
thickness is large enough to permif the sample to be treated ag an nfnite selab without
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intradueing appreeiable error. Tt {8 sagsumed that the sample s of goch consistemey
that it heats by comdupetion.

Undoubledly there iz soma air surrounding the cup when it i8 drawn inta the steam
chamber. The effoet of this air Das been negleated sinee the qreontity of air ia small
snd the sleam molecnles can diffuge thrangh the air layer and condense direetly on the
eap where less than 0.002 g af steam i3 regwirad to heat the enp and G061 ml sample.

Far purposes of ealeulation, it will be agsumed that heat will fow inte the sampia
from the top and the boltom only, If we eansider the top surface firat, tha sampls is
at o lowsar temporatore than the serreunding stenm; thereforc, heat will Aow from the
steam inlo the sample, Ag heat iz removad from the stanm, some vapor will condenge;
this eondensnlion will take place on the top of the sampin, sines initinlly the sample
hes o lawer vapor pressure thaun lhe surronnding steam. iz condensation will a3d in
haat tranglor, sinee there will he mass teansfer ag well as hagt conduelion. Tor practieal
purposes, it cun be comcluded that the top enrface of the sample will approach the
steam lomperature the inebant the soonple ig carried into the zteamn echambar,

In comsidering the steam metal eup interface on the hottom, seme of fhe same
ecnditions Lold true aa for the top. Ilowever, in this ease, any condensate that forma
will remain to increase tha resistance to heat fow, The eccfficient of heab transfar
through the steam-otp interface where condenpnte will glowly aceumulatc enn be est-
mated within limits (4) to be of the magritude of 2000 to 2600 BTT £ he "7
for fllmwise condensation.

Hinee the resistancs of the steam-eup interfaes is due vrimarily to- the comdensate
film, it ean ba coneluded that when the enp is dry the resistance to heat flow will he
near zere and will reach o maximum when the condensaie layer resches its greatost
depth, On tha basis of this reasoning it can be nssnmed that the initial resistonce of
the outside smface of the hosttom of the emp approsches zero; thorcfore, the boliom
of the eup will upproach the exposnre femperatura the instant the eup s surrounded
with stenm. The effect of fhe metal cnp upon the rate of heating will be groatest
when the sample is smaliest.

To determine the offect of the mafal eup on tho rate of heating of a thin sample,
tha method of Boelter and Tribug (g} wos smployed. Their numerical method mokes
possihla the caleulation of the rale of heat fiow through ¥ bodiss of dificrent thickness
and with different thermal diffustvitios, The problem wag set up n work sheek form
and then solved numerically. The solution of the problum gave an fn {fy i85 defied as
the uumher of nneutsa required for ihe siraight line portion of the heating eurve
rlettact on sowilogarithmic pomer to traverss one log cyele.) value of O.00038 min, with
a j of 127 for u 000 ml samplz in a thermeresistometer sup. The combined affeet of
ineressed £, value and j would increszc the lag cerrestion (te) by less thau 6. Tha
yesult is significant in pointing ent that with very thin somples the cifect of the enp
cauuoh be disregsrded. When the pessible varintions in sampla dspth arc considered,
the over-oll effeet of the cop in this ense 8 nagligible.

T4 ean be centluded at thiz peint that for swnmle volumes of 0.01 ml. and graater,
the errer will lre small if wo ennsider thai tha top surfuce of the sampla and the hobbom
surfaes of the sumple sapproack lhe exposure lemperature the instant the samples wre
drawn inlo ths exposure shamber, With these inilial sondifions, tha egoation for the
Iy value of an infinite slab was found to be

2
fn = 0533 i— 9

with [ =1.873. These values arc grven by Olson and Jacleon (5} The asswnptinns
that are mede in deriviag this squation are: that the time intervals are large enouph
that all terms exceph fhe first of the originally devived eguation ara gmall enough to De
neglected: that the initisl femperuture distributios {hrough the sample i3 uniform;
and that the mrrface femperntures are inslantly brenght vp fn the dpal tomperatnre ui
time zoro. Fxaminglion of egquation (9) shows that the #, velue is diractly proporticnal
ta the squarc of the sample half thickucess (8).

The [y value a8 givan by eguation (#) I3 a fenctiom of therma? diffusivity and
sampla depth, Tharmal diffusivity is a property of the material heing hoated and is a
fanclion of the tompearatura; Jacksen (3) vsed ile value 0.016 in® min~ for feod
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products that were heatad to 240°F. Tor food produets heated te 812°F. the value of
0.018 in® min™ is reasonable. The Tng corvcebion factor (t.; that mnst be evalunted
ia the differcence between the total heating time By and the lethplity (U} at the expogure
or telort temperatura. Tha lag earrectian factor san be shown in equafion form as:
te = By — T le)
Applring the methods of Dall {#) whara | :
By = fn (logiT-Tngg) (113
and making the sssumptions that the slope of the thermal death-time eurve of the
organism under studr is 18°T. and that the lap correstion faetor will ha caleulated
ouly to u temperabure of 1,1°F, below the expoyure temperubure (g: D.IDF,) the valun
of the parameter fh is 0.58 or

U
. U = 1.725 i (12}
Combining equationy (10}, (11), and (12)
te = fn {logji-log0d} — 1725f:
te = fIn (log jI-0.725), (133

Tf, for tha ganeral ease, tha initial temperatvure is sssmmed to he 100°F. helaw tha
pxppgure tempersture and 2 value of j of L4723 Is used; the expreasion fur the Jag
eotTeetion factor becomes
lg = LBTO [ {14}

An expression for the fn of an infinite slah of finita thickness (28) has haan prasented
us n funelion of heickncss and thermal dillusivity {&) in cquation (8), This value dan
mow be sabatituted in squation (14).

te = 1379 {0933 5 /1)

te 1.885 8% {18)
Suhatiluting the value for the thermgl diffusivify (u:l of fyod products in this kempora-
ture range (0.016 in® min,'}; the expression for the lag correction factor (t.) of =z
fand sample hanting by sonduétion as nn infmite slab of fnite thiekness is given hy

o= E04® (16)

Measnzement of Heating Rales

When the lag correction factor for a thermoresistometer cup 2 calenlatad by
egEation (16}, eertain orrova arc present that arise frem approximabions noeossary
for selving the problem. An experiment was aef up to determine whether the actual
heating ratas diffar markadly from thoss ealenlated from thooretisal annsiderations.
T the initinl tests snmple depths of 14, 3 and 14 in. were used. The cups had diameter
to depth ratios of B and were congidered to heat as infinite alabs, The cups ware made
by saldaring o tinplate hoftom ta sestions of 2-, 8-, and 4-in. pime, reapeeslively 14, 34
apd YW in. loeg. A thermocouple junction was mace from No, 30 gauge wire antd was
Iocated at the midpoint of the eup.

A fitdy bentonite sointion, prepared aecording Lo the wethod of Townsend ef al, (11},
was usad az a sample to ensure conduction heating, The cups weve heafed in steam in
a manner similar tn the thermoresistometer nnps. The steam in fhese festa had fo ba
4t atmospherie pressure to faeilitate the rapid introduetion of the samples into the
ateam. An autoelave with the door partly blockard to make a steam reservoir was used
a8 the hanting chamber (Fipwve 2). Tomperalnre sontrol was nek o problem sinee the
reservoir of steam was maintained at ptmospheric pressure, A thermocouple was losated
at the center of the sample, and the tempsrature was measured by a recording poten-
fiamotar. Binee the resnlls Crom Bhean tests soold mot be applasvd dircetly to the sample
in a thermoresistometer cup, an effort wag made to reduee the sample depth to approach
more nearly that of a sample in 2 thermoresistomatar anp.

A speeinl gtenin ehamber aud cup holding appuratus was eonstrucled (Fignre 3) to
evpoge a thin gample in a small (34 ¥ 134 In.} Tectangular cup to steam at atmospherie
prasaura.  Filter paper sqnares the same sire as the sup were plared in the cup, a
3d-gauge thermoesuple was plaeed helween the layera of filter puper so ug o he localad
near the center of the sampla. If was not neecessary, as pointed out by Olson and
Jackson fa), 1o laeale the thormoeouple ot the ciasl sontor af the sample minea the
slope of the hesting curve i3 a constant for a given pampie depth and preduct. Tostruo-
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REMOVABRLE WOODEN
STEAM BARRIER

TRAPPED STEAM

~QPENING FOR STERM TO
BLEED OUT AND FOR
INSERTING SAMPLE

HAMDLE FOR INSERTING
AND REMOVING SAMPLE

HANDLE SUPPORT
THERMOLZOUPLE LEADS

Figure 2. Antoclave with door partially blocked providing steam heating comditions
at atmospheric prassure,

mertation was set up to measure nscurately the time required for the femperature of
the sample to po from 140°1. te 207"

Tha proeedure followed In making a test wag to pipolle a walume of sample into
the sup to give the desired depth. Both enp snd sample were mainiained halow ED“F.
during the lvading period. To expoze the samplu the gireniar cup-carrier was turned,
currying the eup and sample into the steam chamber. ‘Ihe time rogmived for the sample
to heat from 140"TF. to 207°F. wag autocmalieally racorded; the exposure tonmeratura
waa also meagured. The (v voalne was Jetermined by comstriteting the portion of the
leating eirve fram 140°F. to BO7°F, an semilogarithmic paper aesarding o the msthod
of Qisen and Jackaon and then determining the fy vaine. Tt was assumed thab this
portinn of the heating curve was a straight line sinee the samples in the 34, 34, and 14
in, cups (deseribed above) when Leated from S0°F. fo 218°Y. producod heating ourves

Figure 3. Apparatus for exposing cup with thin samples of media to live steam at
atmospheric pressure.
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whoge straight line portion extended fram below 100°F, to 211°F, By this method #s
valiay wera obtainad for 3 different sample volumes; the zample depths of thess teats
were 0,041 in,, G070 i@, 2nd 0,100 in. ’

The regulis of the 6 tests are lipted below:

Bomple depth in
{inchos) {minatez}
0041 0.085G8
0.070 00789
0,100 n.1585
0.250 0,072
0,375 . 215
0.600 ass
! | ! | ! | : i ' | ! I .
a0 _ g
_ . -8
-
= 1, =0,933 %, ’,,-" o
a=0.015 il mind__
a0 | T |
‘_’
f’f
= %,- fEST NO. DEPTH IN INGHES
=z 20 |- ~ l a.04l ]
= P 2 0.070
& . 3 ©.100
u B - 4 0.250 5
2 N el 5 0.375 i
E ¥ O A @/ & 0,500 -
..:-.": '_.-’
5 3 f,, :
] .-” i
1] ﬁé L I ] | 1 I | l ] ] 1 i ]
0 0.l .2 G3 04 05 0.6 o

HALF  THACKNESS SOQUARED (SOUARE INGCHES)

Figure 4. Measnred f. values of media in cups similar to thermorcsistometer cups
compared to calsulated fy values.

In Figure 4 the rasults ara illustrafed graphiealiy. The fn values as determined experi-
mentally were Lor sll prastical purposes the same as those caleulated hy nsing oquaiion
f9y. The tiinnest sample we were able to teat wan 0.041 in, {hick und corresponded to
an 0.08 ml sample in a thermoresisbometer cup.

Effect of Sample Depth enr Spore Destruction Time

The effect of swmple depth on spore destruetion time was measured te ohtain log
correction factor data under actrmal operating conditinns, At 280°F., 24 samples wwere
exposed to a seriam of time Intorvals using (.01 ml. per cup, and repeated using 0.05
and 010 ml. per ¢up. The sample volumes of 001, 0.05 and 0,10 ml gove saraple
depths of 0.00Z in., 0.025 in. and 0.050 in., vespeelively, &pores of PA 3679 were
sugpandad in nentenl phosphate buifer; dilotions were made to give 10,000 gpores peor
cup in gach test. Whe bacteriglogical pracedurs was the samo as that uwed by Phug
and Hazelen (7). The whole test outlined above was repeated £ times; the resulis of
ome teat arc proscated in Table 1.

The effect of the physical size of the sample was eovsidered in evalauting the
variation in reanits, Tt wns fownd that a 0.01 ml droplet would remain in the eup if
the eup were ivverfed. Sometimes the 0,05 ml. sample wonld remain in the eup when

73



L J. PFLUG AND W. B. ESS3ELEN

TABLE 1
0.01 ml per cop 0.05 ml, per cup .10 ml. per cup
Lima . Range of proba-
(minutes} Mumher af pnsitive biliky limits at Namber of positive | Humber of positiva
luhes gut oﬁlﬂde L 5% lnwrl? tubes out of 84 rep. | tubes out of 24 rap,
LLE ] (AN E— 24 21-24 24 24
.080.... 24 a1-34 24 24
GO 24 21-34 24 24
0.184 21 16-23 as® 94®
0140 . 19 14-22 247 12
0.160.... 23 19-24 188 13*
nI8a.. 17 12-21 E 12 13
0.200.... 1¢ 1120 16° gt
0.821.... 1t 6-18 6 14
0.241 14 10-20 B” 10
0.261 1 -5 3 7
0.281.... 2 G-6 . 0
.801... 1] -3 1 2
0.381 [ 0-3 1 2
n.341 i} -3 1 1
0.853 ... 1 a2
(.3580.... 4] n
BAND .. 1] 3
0,450 0 R
0444, 4] 0
{1459 ] 0 0
QAT e 0
(470,70 | Y a

1 Piiug and Boselrz (7).
? Bxepnds Mra Bigher Nmbt of Boh probahility lowni
8 Nelow the lawer limit of 545 probehility level.

snverfed but often part of the sample would fall out. A part of tha 0,10 mi sample
wortld always fall mut on inverting the cup. An experiment wis set up io determine
the cifact.of the rapid decelaration of the thermoresisgtometer on the sample in the cups.
It was found that with the 0.10 w1, samyple gome of the sample was theown ent regularly.
With the 0.01 and 0.05 ml sampies, vo loss could he deloctad.

RESULTS AND DISCUSSIQN

Thermal resigtance siudies a$ high temperatures and correspandingly
ghorier heating times are subject to greater potential errors than studiss ot
lower temperatures. Data obtalnad by suy thermal resistance method af
the highest temperature possible for the meihod will be subject to the
greafest arrors. The point on the thermal death-time curve representing
thiz data will be st the end of the eurve. If a hesting lag i3 present and
the data are not corrected for thig error, a straight line thermal death-tlme
curve will ne longer be & straight line {Figure 1}. A cooling lag will bend
the thermal death-time curve in the opposite direetion as s heating lag.

A stady of the heatf trangfer characteristics of a sample in a thermore-
sistometer eup has led to the conclusions that: {a) Ounly with a very thin
sample will the lag correction factor be negligible [or heating times of 0.005
min. (h) When the sample is an infinita slab of finite thickness (28} the
lag earrection faetor (t.) will be a funetion of the square of the thickness.
(@) The theoretieal lag correction faector {t,) for an infnite slab of finite
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HEAT TRANSFER INTO THERMORESISTOMETER CUFPS

thickness {23) meamired to g = 0.1°F. with z~ 18°F. and a= 0016 in?
min.? ig,
te = BOA4ET {163

The theoretical heating rates of open metal cups were compared to the
measurad heating rate for € different depths, the thinncgt of whick cor-
responds to 0.08 ml. in & thermaresisiometer cup. Good agresment wasg
found between the caleulsted and measured values {(Figure 4).

Resnlts from the test measuring the effeet of sample depth on spore
desiruciion times fail to point out any signifizant difference bhetween the
0.10, 0.05, and 0.01 rol. per cup samples. Since the calenlated lag eorrection
faetor of the 0.10 sample is one hundred times 1hat of 1the 0.01 mi. sample,
the results can only be interprefed to mean that the lag corrcetion factor
of the 0.10 ml. samples tested was not significant in relation to the other
variablies present., The important eonclusion that can he drawn ig that if
the lag of the 0.10 ml. sample is nof signifivant the lag of an 001 ml
sample must approach zere.

The effect of the meniscus and of slight tilting of the enp was econsid-
ered as possibly inereasing the lag correetion factor in the larger zamples.
In the 0.01 ml sample with one filter paper disc the level of the sample is
near the top surluce of the paper dise. Since ths sample ig held by the
capillary attraction of the paper fihars, the sample will he of uniform
thickness regardless of whether the cup Is level or tilted. With the (.07
and 0,10 samples the liguid surface is above the paper disc and & meniseus
18 formed. When the cup is slightly tilted the depth of the sample near
the wall is increased, which should inerease the lag correction faetor. These
phenomena may be regponsible for the ineressed numbar of stragglers oh-
gerved with the 0.05 and (.10 ml, samples. An allempt was made to relsie
tilted tmps with positive tubes, but no gignificant results were obtained.

STMMARY

A stndy of the heating rates and lag corrvcetion faclors of samples in
therinorssistometer cups has been made, An equation was developed for
the lag correction [actor of a sample in a thermoresistometer eup ad a
Functien of gample depth. The hesting rates of sampler in eups that were
larger but had heating characteristies situilar to samples in thermoresiste-
meter enps were determined and fownd in agreement with caleulated valnes,
It was lmpossible to measure the heating rate of a sample thinner than
tho cguivalent of an (008 ml, sample in the thermoresistomcter cup, A
study wag mads on spore destruction times when the same number of
apares were uged as an 0.01, 0.05 and 0.10 ml. sample per cup. This sindy,
which was repeated fomr times, gava added prool that (he lag correction
factor of an (LOT ml, sample in a thermoresistometer cup is insignifieant
gnd ean be neglected.
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