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THE NATURE of the atmosphere 
surrounding microorganisms during heat sterilization 
influences the e1fectiveness of the process; therefore, 
it is necessary to distinguish between a sterilization 
process where the cells are surrounded by a medium 
or atmosphere containing liquid water and one where 
the atmosphere surrounding the cells does not contain 
water in the liquid state. The terms "wet heat" and 
''dry heat'' are uSed to describe these two sterilization 
processes. Wet-heat sterilization conditions exist 
when microorganisms are subjected directly to satu­
rated steam in an autoclave or heated in a closed 
vessel, such as a can of food, that contains an appreci­
able amount of water. Dry-heat sterilization condi­
tions exist when the microorganisms are exposed to 
superheated steam or air. 

Interest in dry heat sterilization has been stimu­
lated by the Dole aseptic canning system ( 5), which 
uses superheated steam as a source of dry heat for 
sterilizing the containers and covers prior to asepti­
cally canning the sterile food product. 

.The literature contains considerable data relative 
to the wet-heat resistance of microorganisms; how­
ever, there are comparatively few data regarding dry­
heat resistance. Both Walter (11} and Perkins (6} 
discuss the use of dry heat for the sterilization of bac­
teriological and hospital supplies and recommend one 
hour at 320° F (160° C) for glassware and cutting 
instruments. Tanner and Dack (10}, studying the dry 
heat resistance of spores of Cl botulinum, reported 
that ·the time required to kill Ol botulinum spores 
varied from 15 to 60 minutes at 284° F (140° C) and 
from 5 to 15 minutes in the range 320° to 356° F 
(160° to 180° C). Co-llier and Townsend (3} reported 
thermal resistance data for spores of three organisms 
subjected to superheated steam : B. stearoth.eormoph.­
ilus (1518) F3~0 = 0.708, z = 26° F; B. polymyxa 
(PSO) Fa11o = 0.667 and z = 28° F and P .A. 3679 Fa110 

= 0.625 and z = 60° F. (F350 is the minutes at 350° F 
to destroy the organism under specified conditions ; 
z is a measure of the slope of the thermal death time 
or thermal resistance curve.) Schmidt (8}, reviewing 
the resistance of microorganisms to dry heat, states, 
"In general, most of the methods used for measuring 
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resistance to dry heat in the temperature range above 
212° F have not had a very high degree of precision. , 

The primary purpose of this paper is to describe 
precision equipment developed for determining the 
dry-heat resistance of microorganisms. In addition, 
some problems encountered in dry-heat testing, the 
evaluation of the lag correction factor, and prelimi­
nary dry-heat resistance data for one species of micro­
organism to superheated steam are presented. 

EXPERIMENTAL 
Development considerations. P recision control aml mens· 

urement of time and temperature was the principal design 
consideration in developing this apparatus for dry heat thermal 
rt'8istanee testing. An adequate temperature range, flexibility 
as to heating medium (superheated steam, air, saturated 
steam), asepsis, and the need to test replicate samples were also 
important oonsiderations. Mechanical operation, convenience, 
and economy were given secondary consideration. 

A basic problem of both dry-heat and wet-heat testing 
apparatus is moving the samples in and out of a controlled tem­
perature and pressure chamber. This problem of movement and 
leakage was given extensive consideration. The fact that under 
dry-heat conditions the heating medium could not be expected 
to lubrieate any moving par ts was also considered. 

A double-seal, two-step operation was developed instead of 
using a sliding plate (9) or double pistons with rings (7) to 
obtain a more positive seal and eliminate possible lubrication 
problems. In this design a shoulder supporting an "0" ring 
near the end of the sample-carrying pistons seals the exposure 
chamber while the samples are being heated, and a seal-bar 
located inside the chamber eloses the sample entry ports the 
1·emainde.r of the time. A single, double-acting pneumatic 
cylinder located in the center rear of the ma~~hine operates the 
seal bar. Two double-acting pneumatic cylinders, one located 
on each side of the apparatus, move the samples from the load­
ing position to the exposure position and, after heating, return 
them to the dumping or subculturing position. The sample cups 
are identical to those used by Pflug and Eaaelen (7) and are 
supported by two ~6-inch diameter stainless steel wires which 
are welded into and operated by a lh-ineh trip shaft located 
imide the sample-carrying p istons. The trip mechanism is 
located to the rear of the pistons and is cam operated. Leakage 
past the cup supporting wires is prevented by an '' 0'' ring on 
the trip shaft. 

Figure 1 is a photograph of the complete apparatus; Figure 
2 is a cut-away view showing the exposure chamber and related 
parts. 

The time control system was designed so that the entire 
operation will proceed automat ically through the operational 
sequence when the start button is actuated. 

The temperature control system for dry heat consists of a 
temperature recording pneumatic controller (thermocouple 
sensing element), a pneumatic needle valve, an electrically­
operated superheater with a variable t ransformer input control 
and heaters and variable transformers for maintaining the 
thermoresistometer wall temperatures. A steam reservoir main-



Ff.pre 1. Front view of dry heat thermoresistometer. 

tained at constant temperature by a pressure controller supplies 
the snturoted steam to the superheater. The hot gas tempera· 
ture controller modulates the fl.ow of gas to maintain a constant 
temperature. 

Operational problema. Two types of problems _were en· 
countered in putting this apparatus into operation: (1) 
controlling the temperature change of the gas as it 1lows 
through the apparatus and (2 ) obtaining uniform ssmple cup 
temperatures. 

The temperature drop problem is a result of the low heat 
capacity of the gas. It was calculated that when the 1low rate 
wae 2.5 cfm, the removal of 1 BTU/min or 60 BTU/hr will 
reduce the temperature of superheated steam 26.1° F and air 
32.3° F. When the thermoresistometer is operated eo that the 
outlet temperature is only 5" F below the inlet temperature, the 
heat loss from the exposure chamber must be less than 0.2 
BTU/ min (12 BTU/hr) for superheated steam and less than 
0.16 BTU/ min (9.6 BTU/hr) for air. Therefore, the wall 
temperature of the 8.J:P08Ure ch&mber is critical. The top, bot­
tom, and front of the apparatus were fitted with electrical 
heaters to maintain the wall temperatures; thermocouples were 
attached to the inside ot these walls so that the wall tempera­
ture could be measured and then controlled. DuriDg operation 
it is necesaary to maintain the top, bottom, and front of the 
apparatus about 5° F above the exposure temperature to obtain 
t-he desired temperature control. 

In hot·iaS heating the gas stream must be distributed so 
that each cup is exposed to gas where the over·all heating effect 
of temperature and velocity is the same. 

Cup temperatures were measured using 30-gage thermo­
couples eoldered to the inside of the cup bottom. Thermocouple 
wires were looped away from the cup (Figure 3) and then 
brought out through the center of the pistons. This insured an 

Figure 2. Cut-away drawing of the dry heat thermoreaiato­
meter showing the relation of the pistons and inaide seal bar. 
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isothermal wire length of about 1.0 inch, eliminating, from a 
practical standpoint, temperature errors resulting from the 
conduction of heat along the wires. It was necessary to remove 
the cup supporting mechanism in order that the thermocouple 
wire could be threatled through these pistons; ears were 
soldered onto the 5 aample cups so that they could be hung o~ 
tht> cup guide wire (Figure 3). Through trial and error design 
of the gas manifold, it was possible to have all 5 cups within 
a temperature range of less than 1.0° F; however, it was 
impossible to find a. reliable correlation between cup tempera­
t ure and inlet or wall temperatures. Figure 4 shows the interior 
of the exposure chamber and the distributing manifold. The 
direction of flow of the gas from the inlet manifold has a 
definite effect on the temperature pattern ot the 5 cups. 

Wall temperatures are controlled by 3 manually-operated 
variable transformers that supply energy to the eleetric heaters. 
Wall temperatures are measured by thermocouples attaehed to 
the inside walls of the apparatus. Wall temperature input 
requirement varies "·ith exposure temperature, room tempera· 
ture, sample heating time, and temperature difference between 
wall temperatures and gas control temperature. 

The problt>m of determining the temperature of the cups 
during actual testing was solved by reducing the number of 
cups per test from 5 to 4 and leaviui one cup, fitted with a 
thermocouple similar to those described above, in the machine 
at all times. This thermocouple, connected to a temperature 
recording potentiometer, gives a complete temperature record 
ot this one cup. Since the range of variation between cups has 
previously been established to be less than 1.0° F, all cups will 
always be within ± 1.0° F of the temperature of the cup with 
the thermocouple. 

Lag correction factor. Heating charaeteriatiea of sample 
. cups were determined in both air and superheated steam for 
gas dow rates ranging from TRP 's (thermoresistometer pres· 
sure) of 5 to 20 in of water; the normal operating TRP is 10 
to 15 iu of water. TRP, used as a measure of 1low for eon· 
venienee, is the inches of water pressure necessary to force 
the gas tlow volume through the discharge orifice. The rela· 
tionship of TR.P with flow rate of air under standard condi­
tions is illustrated in Figure 5. Cups in all 5 positions were 
tested and each test was replicated 3 times for each variable. 
Data were plotted and the heating rate (f~) and time to reach 
1.0" F below heating medium (B) determined. [Terms are 
defined and the method of plotting data given in Ball and 
Olsen (.!'}]. Initial temperature of the cups was 90 ±3• F 
below heating medium temperature. 

Values of fh and B were plotted as a function of .TRP and 
a straight line was drawn by oyc through each set of data. 
Values of fh and B for a TRP of 5 and 20 obtained from these 
curves are listed in Table 1. 

TABLE 1 
Average heating rates of sample . cups in air and superheated 

steam 

TRP t~ B 
---

in ofwli.t..- min mi'lt 
Air 6 0.39 0.68 

20 0.26 0.48 

Superheated steam 5 0.86 0.62 
20 0 .24 0.42 

The lethality accumulated during heatini, U, to 1.0° F 
below tho heating medium temperature was calculated, using 
the table of functions of Hicks ( 4) !or z values of 30, 40, 50, 
and 60" F assuming a straight line semi-logarithmie beating 
rnte and a logarithmic rate of bacterial destruction. The heat­
ing correeion ~ B minus U. 

The cooling correction is based on the assumption that no 
nppreciable cooling occurs until the cups touch the recovery 
liquid, whereupon the surfnee temperature is instantly redueed 
to a point at which the lethal effect is negligible. The correc­
t ion was calculated to be 0.015 min, the time required for the 
samplt"s to be withdrawn from the heating chamber and dropped 
into the recovery meclium and be quenched. The cooling cor· 
rection is the same fo~ all values of z. 



Figure 3. Sample carrying pistons and operating bar (this 
unit can be removed from machine in less than S min). Special 
sample cups fitted with thermocouples are in position at the 
end of the pistons. 

:Figure 4. Interior of thermoresistometer exposure Chamber 
showing gaa distributing manifold, wall thermocouples and 
seal bar. 

The t otal lag correction, algebraic sum of the heating and 
cooling corrections, is shown graphically in Figure 6 as a func­
tion of .z and TRP. 

Dry heat thermal resistance studies, Bacterial spores of a 
Curran's strain 15 p, of the facultative mesophile Bacillus 
S"Ubtma c was used as the test organism. The identification 
number 5230 used by Schmidt was retained. Culture.s were 
grown on slants of nutrient agar containing 1 ppm manganese; 
the slants were incubated at 99• F (37° C) for 5 to 7 days 
before harvesting the spores. The washed and filtered spores 
were suspended in M/lG phosphat.e buffer (pH of 7.0) and 
put in sterile 8-oz bottles with glass beads. The spores were 
counted by plating on Dextrose-Tryptone-Starch Agar after a 
1.1 minute heat shock at 212° F (100° C). The inoculating sus­
pension was prepared by diluting the original spore suspension 
with M/15 phosphate buffer to give approximately 10" spores 
per ml (actual count 1.1 x 10" spores per ml). Cleaned tin plate 
TDT cups were placed in a glass petri dish, the cups a.nd dish 
sterilized in hot air, after which 0.01 ml of the inoculating sus­
pension was placed in each cup, using a micropipette. Samples 
were dried to remove the free water. Initially a vacuum oven 
operated at a temperature of 95° F (35° C) was used; how­
ever, the petri dishes containing the loaded cups were placed 
in a desiccator with a drying agent in later studies. The sam­
ples remained in the desiccator, which was stored in a 
refrigerator at 40.o• F ( 4.4° C) until needed. 

~Obtained from C. F . Schmidt, Continental Can Co., Inc., 
Chicago. 
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Figure S. Relationship of exposure chamber pressure and 

gas flow rate. 

Dextrose-Tryptone-Starch broth with 0.04% BOP indicator 
was used as the subculture medium. Positive tubes were those 
containing acid as evidenced by a color change and the charac­
teristic pellicle. The subculture tubes were incubated at 99° F 
(37° C) for 4 weeks. 

Only 4 cups per test were used in the several preliminary 
dry-heat studies (including the one reported below); however, 
8 cups (2 runs of 4 cups each) are being used in studies now 
in progress. 

Data were evaluated using the probability method of 
Schmidt (8); both LD50 and D values were calculated. (LD50 
ia defined as the time in minutes when 50% of the samples 
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Figure 6. Lag correction time as a function of the ex­
posure chamber preasure. 
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tested would be negative; D value is defined as the time in 
minutes for a 90o/o reduction in the number of organisms at a 
given temperature.) The 95% con1ldence interval was calcu· 
lated where sufficient data were available. Use of LD50 values 
[suggested by Sehmidt (8}] is appropriate !or these data 
since it is desirable to obtain an accurate comparison of the 
values at the different temperatures without having to resort 
to D values. 

Wet-heat thermal resistance studies. Wet-heat (saturated 
steam) thermal resistance studies were made over the tempera· 
ture range of 241 to 272" F (116 to 133" C) with the same 
spore suspension and reeovery medium as used in the dry heat 
studies. Studies made by Anderson (1} indicated that reliable 
wet-heat results ean be obtained with dried spores. A total of 
10 eups was exposed at eaeh time-temperature interval (2 runs 
of 5 cups each) using the apparatus described above. 

Data were analyzed using the probability method described 
by Schmidt (8) and the results were expressed as D values. 

RESULTS AND DISCUSSION 

Results of thermal resistance tests of 5230 in super­
heated steam as LD50 points, their 95% confidence 
limits, and the corresponding D values are presented 
in Figure 7. A straight line was drawn to represent 
these data since it appears that the logarithm of time 
varies linearly with temperature. The LD50 line has a 
z of 42° F and a LD50a.w of 2.4 min; the Da110 is 0.57 
min. The 95% confidence limits of the LD50 points 
permit z values from 36° to 48° F. Dotted lines are 
used in Figure 7 to indicate (a) that there are not 
sufficient data available at this time to substantiate 
that the relationship is linear and (b) that justifica-
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tion in the form of death rate data to calculate mean· 
ingful D values is not possible at present. The D 
curve is illustrated to show the range of values that 
can be expected and for comparison with the wet-heat 
data in Figure 8. 

Results of thermal resistance tats of 5230 in wet 
heat are presented in Figure 8. The D curve has a z 
of 14.8° F and a Duo of 0.35 min. 

Variation in LD50 values and the wide confidence 
interval appear to be normal for dry heat in contrast 
to the behavior of wet-heat data illustrated in Figure 
8. It is acknowledged that use of 8 or 12 cups per test 
is more desirable and could reduce the confidence 
interval. 

The operation of the equipment, in use since Decem­
ber 1957, has been satisfactory. Dry heat is more 
difficult to use than wet-heat due to the more compli­
cated temperature control and the necessity of allow­
ing the equipment to reach steady state conditions 
before testing can begin. 

SU1cDrtARY 

An apparatus is described that makes possible the 
study of the dry-heat resistance of microorganisms 
under controlled conditions of tim·e and temperature 
in the range 300 to 380° F (149 to 193° C). The 
accuracy of the temperature control system is ± 
1.0° F and time +- 0.1 minutes. The lag correction 
factor of the sample cups has been evaluated as a 
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function of gas fiow for both air and superheated 
steam. The dry-heat resistance of spores of organism 
5230 (similar to B. subtilis) to superheated steam has 
been determined and it was found to have an LDSO.O 
of 2.4 min and a z of 42° F. · 
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