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~ Thermal Properties and Heat Transfer 
Characteristics of Marsh Grapefruit 

By A. H. B~~NE'l'T, research agricultural engineer, Tra1.sportation and Facilities 
Research Diltision; nnd W. G. ,CHACE, JR., research horticulturist, and R. R. 
OUnIlEDGE, biological technician, Market Quality Research Division, Agricultural 
Research Service 

SUMMARY 
Investigations of the thermal properties and heat transfer charac

teristics of Marsh grapefruit w~re conducte(. on 10 test fruits from 
each of five maturity groups. The harvest dates for maturity groups 
were: December 1963, April 1964, October 1964, February 1965, and 
May 1965. The investigations included tests to determine (1) effec
tive thermal diffusivity of the whole fruit, (2) thermal conductivity 
of the rind and juice-veside components, (3) moisture content, 
(4) specific grnvity, and (5) iuternal-temperature response-funda
mentnl to response at specified conditions. 

Of the properties measured, significant rel!l,tions were found between 
rind thickness, moisture content of both rind and juice vesicles, 
thermal conductivity of both I'ind and juice vesicles, nnd specific 
gravity. By visunl inspection these properties also appear to correlate 
with harvest season. As the harvest season is extended, the fruit 
ripens. During the ripening process, the fruit becomes more dense, 
its rind becomes thinner, and the rind moisture content decreases. 
These changes are consistent with a measured increase in effective 
thermal diffusivity as the fruit ripens. However, cooling rate is not 
significantly affected by differences in the maturing and ripening 
of the fruit.. 

INTRODUCTION 
Refrigeration is the basic means for postharvest protection against 

decny nnd deterioration of horticultural crops. The extrn.ction of 
heat from these living biological products slows their respiratory 
activity, reduces water loss, decreases the chance of invnsion of new 
decay, !l,nd inhibits or slows the !?rowth of incipient infections. The 
optimum rate nnd mngnitude 01 heat extraction vary depending 
upon the physiological nnture of the product. Some products are 
more perishable than others; thus they need to be cooled more rapidly. 
:Marsh grn.pefruit, for example, differs from other citrus fruits in its 
physiological response to temperature. It also responds differently 
at various stflges of mnturity. In tests with Mal'sh Seedless and 
Ruby Red grapefruit, Ohnce and coworkers (3) found that the most 
desirable tmnsit tempemture .for e!l.rly-hil.l'vested fruit was 60° F. 
More mature midseason and late-season fruit kept best in transit 
at 50°. Their findings, substantiated by an abundance of previous 

1 
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research cited in their report, point out the need for postharvest, 
preshipment conditioning commensurate with the particular fruit 
requirements. 

In a 1958 report on hydrocoolllig Florid!!. dtrus, Grierson and 
Hayward. (4-) stated that

"The increasing use of automated methods, combined with the 
danger from such endemic post-harvest diseases as stem-end rot 
and Penicillv!L7n mold, make the use of such packing methods 
hazardous unless efficient refrigeration, post-hal'\rest fungicides, 
or a combination of these two protective methods is used." 

They further reported finding increased susceptibilifuy to decay and 
rind injury ou hydrocooled fruit. Yet, precooliug, whether through 
hydrocooling or through the use of an air-cooling system, is one of 
the essential means of conditioning fruit in preparation for shipment. 
Precooling implies mpid heat removal, which may be done at the 
packinghouse in bulk, in pallet boxes, or in shipping containers. 
Generally it is done before shipment. SometimeS it is dona after the 
fruit has been loaded into trucks or milcars. Either way, optimum 
precooling, i.e., the l'emovol of a specified prede.termined quantity 
of heat in 11, given period of time, depends upon knowled€:e of the 
thermo'! properties and characteristics of the fruit in questlOlJ.. This 
basic information will benefit the citrus industry in that it will 
eventl;.ally lead to the development of more efficien.t. and 
effective precooling systems. 

Published values of thermal properties of grapefruit, reviewed by 
Bennett (1), are inconclusive and questionable. Smith and coworkers 
(10) and Perry and coworkers (6) reported values of thermal diffu
sivity of Marsh grapefruit that are accepted by the authurs to be 
accurate, and they are therefore compared with the results of the 
work reported herein. 

This research was conducted to evaluate the basic heat transfer 
properties and characteristics of Marsh grapefruit and to investigate 
the possible relation of these properties to moisture content, density. 
and harvest season. Specifically, the research was designed to yield 
the following data: 

1. Experimental temperature distribution. 
2. Effective thermal diffusivity. 
3. Thermal conductivity of the rind and juice vesicles. 
4. "Moisture content of the rind and juice vesicles. 
5. Specific gravity of the whole fruit. 
6. Correlations of the foregoing with seasonal effects. 

INVESTIGATIONS 

Test Fruit 


Samples of Marsh grapefruit were harvested in December 1963, 
in April and October 1964, and in February ana May 1965, from 
commercial groves in Indian River County, Fla. Five maturity 
groups, numbers 1 through 5, referred to hereinafter chronologically, 
correspond with the foregoing harvest dates. Ten test runs were 
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made for each maturity group on the basis of expected experimental 
variation of runs within a group. 

The fruit was washed and waxed with a solvent-type wax to 
prevent loss of moisture during the short storage period before testing. 
Storage was at 50° F. 

Experimental Procedure 
Each test fruit was weighed and its diameter measured at several 

radial points in both the equatorial and polar planes. The fruit was 
brought to a uniform temperature of 85° F., and then it was immersed 
in an agitated water bath held at a constant temperu.ture of approxi
mately 35°. Fruit temperature was measured at 7~-inch intervals 
along the mdius in the equatorial plane by means of a thermal probe 
constructed of 36 a.w.g. (American wire gage) copper-constantan 
therm.ocouple wire connected to a 24-point recording potentiometer. 
The probe consisted of 12 individual thermocouples and was of 
sufficient len~th to permit insertion along the entire length of the 
diameter. ThIS prolledure compensated for conduction error, because 
the hea.t of conduction along the wire tended to :fiow in an opposite 
direction from that of the heat :filL"': in the fruit. Surface temperature 
and temperature just beneath the rind were measured with individ
ual thermocouples (fig. 1). The test. fruit was cooled to a center 
temperature of approximately 40°, removed from the water bath, 

BN-33686 

FIGURE I.-Thermal probe positioned in test fruit. Note thermocouple to measure 
temperature at interface between rind and juice vesicle. 
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and reweighed for further tests. The test apparatus is shown in 
figure .2. 

Specific gravity was measured by the water-displacement technique. 
Thermal conductivity and moisture content of the rind and the juice 
vesiclt>, were measured from samples of each specimen. 

The moisture content was measured by weighing the sample, 
extracting the water in a vacuum oven at 1400 F. for 48 hours, then 
weighing the residual solids. Percentage moisture content 'vas cal
culated on the bllsis of the wet weight of the sample. 

The thermal conductivity was measured by use of an adaptation of 
the Fitch method (fig. 5) f0r measuring thermal conductivity of poor 
conductors. Equipment used included the r.dapted test unit, se~sltive 
temperature controller, st0?watch, agitator, low-resistance micro
ammeter, laboratory potentiometer, micrometer (fig. 4), and pl'essure 
meter (fig. 5). The experimental technique of Bennett and coworkers 
(2) was used. 

Test specimens were removed from the fruit by use of a sharp-edged, 
hollow, stainless steel tube (fie;. 6) havin~ an inside diameter of 1.25 
inches. The sample was cut to the same diameter as tIla heat sink to 
eliminate the possibility of heat energy radiating to the sink from the 
plate. Sample pressure was held standard at 1 p.s.i. (pound per square 
inch) for the rind and 0.5 p.s.i. for the juice vesicles. Juice-vesicle 
samples were wrapped in thin polyethylene to reduce moisture 
evaporation and juice losses. 

Rind thickness was obtained from an average of nine micrometer 
readings taken before and after each run (fig. 7). An average of five 
measurements was used for juice-vesicle thickness. 

DN-33688 

FWt:ItE 2.-Equipmcnt for evaluating temperature distribution and effective 
thermal difIusivity of Marsh grapefruit. 
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BN-3J685; BN-33683 

FIGURE 6.-Equipmcnt (A) Ilnd procedurc (B) for obtaining rind and juice
ycsiclc tcst samples from the fruit for measuring moisture content and thermal 
conductivity. 
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general form. If only the first term of the series .and the straight-line 
approximation are used, a simple expression may be written. With 
application 01 the notation of Smith and coworkers (10), the equation 
takes the form 

T-Ce-M12,O 	 (1) 

where T is the dimensionless temperature ratio, !/ !: (subscript i 

denotes initial temperature and subscript s denotes surface tempera
ture), C and MI are functions of the object geometry, properties, 
and boundary conditions. The Fourier number, P'o, is a dimension
less ratio expressed in terms of aT/P, where 

~ 	 a=thermal diffusivity, sq. ft..per (hr.) 
T=time, hours . 
r. = characteristic length, feet 

When equation (1) is used to solve for the theoretical temperature 
response of an object in a specified heat transfer situation or to 
e)(perimentally determine heat transfer properties of an object, it is 
?-ecessaryto evaluate MI' The transcendental equation for a sphere 
IS 

(2) 

where the Biot number, NBII is a dimensionless ratio that describes 
the surface heat transfer capability as related to the heat transfer 
property and dimension of the object. It is mathematically expressed 
by (hxr)/k, where 

h=surface heat transfer coefficient, B.t.u. per (hr.) (sq. ft.) e F.) 

r=radius of sphere, feet. 

k=thermal conductivity of object, ,B.t.ll. per (hr.)(sq. ft.) (0 F. per 


ft.) 

Equation (1) is useful only when there is a temperature gradient 
within the object under consideration. There isa limiting boundary 
conclition (surface heat transfer capability) that results in a negli
gible temperature gradient within an object being heated or cooled. 
For example, a small copper sphere being cooled in relatively still 
air will have an :impere;eptible thermal gradient along its radius at 
any time, which causes the Biot number to become infinitely small. 
Thus, MI approaches zero and T becomes equal to 0 for all values 
of time. When the temperature gradient is negligible, an evaluation 
of thermal diffusivity through the use of equation (1) is not possible; 

As a contrast, a substance having relatively poor thermal conduct
ance will exhibit a marked thermal gradient when heated or cooled. 
if its surface suddenly becomes equal to the temperature of the 
surrounding fluid. Smith and coworkers (10) and Pflug and coworkers 
(7) describe the case for conditions of finite surface heat transfer 
resistance. 

When 11arsh grapefruit is suddenly immersed in a well-agitated 
water bath, the temperature on its surface can be assumed to rapidly 
approach the temperature of the cooling wa.ter. Thus, effective 
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thermal diffusivity can be evaluated on the basis of fruit temperature 
response. Because of the finite heat transfer resistance at the surface, 
the reciprocal of the Biot number is so small it can be neglected. 
However, acurate evaluation by the conventional method requires not 
only that specified boundary conditions be rigidly adhered to but also 
that the substance be homogeneous and that it conform to one of 
the cOlJVelltional object geometries. 

Whereas, for Marsh grapefruit, the specified boundary conditions 
can be easily satisfied, the requirement for homogeneity and object 
geometry is more difficult to satisfy . .Actually, Marsh grapefruit is 
composed of constituency having widely varying properties and 
physical structure. In these evaluationo, it must therefore be con
sidered as a pseudohomogeneous material. In addition, it is shaped 
as an oblate spheroid. Failure to account for its departure from 
sphericity causes an errol' that is proportional to the magnitude of 
departure. Normally the equatorial diameter of Marsh grapefruit 
is 1() to 15 percent larger than the polar diameter. Therefore, the 
more accurate evaluation of effective thermal diffusivity of Marsh 
grapefruit is made by conceding its pseudohomogeneous composition 
and by making the necessary geometry correction. 

Smith and coworkers (10) developed a technique of evaluating 
thermal diffusivity that corrects for deviation from the conventional 
shapes. The technique incorporates a geometry index, G, into the 
basic Fourier equat.ion for a sphere. The geometry index was obtained 
"from a measure of two orthogonal areas of the shape." Use of this 
technique provides a means for a more accurate evaluation of effec
tive thermal diffusivity of Marsh grapefruit than has previously been 
available. It is a significant breakthrough for investiga tors of thermal 
properties of biological materials having anomalous geometries. 
The equation, as presented by Smith and coworkers, is 

(3) 

The ratio of the differences, lnT ys. T, is the slope, (3, of the cooling 
curve for the corresponding time interval, or 

(3 lnT1-lnT2 • (4) 
7"1- T 2 

Therefore, the equation may be written 

(5) 

When Marsh grapefruit is cooled in an agitated water bath, the 
surface heat transfer resistance is negligible. Hence, 

1vfI 2=Grr. (6) 

From 13 test runs, Smith and coworkers (10) measured an average 
thermal diffusivity of 3.63XI0-3 sq. ft. per hr. for Marsh grapefruit. 
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This value compares favorably with 3.54XI0-3 sq. ft. per hr. from 
15 tests runs as measured by Perry and coworkers (6) on Marsh 
grapefruit. By substitution of the values of slope, characteristic 
length, and function of geometry index, Mil (as measured for each 
test fruit) int,o eqUlttion (5), the effective thermal diffusivity was 
evalUltted for each individual test run. These values, averaged by 
maturity group, are listed in table 1. rrhe method of evaluating slope 
is described in a later section (p. 22). . 

TABLE 1.-Experimentally obtained eifect'ivethermal d(f!~lsivity of 
Marsh grape.lrnit; eval'uated from temperat1l:re 1'esponse at the center, 
one-half the radi~ls, and three10wrths the radi,tls 

[Avcmgo of 10 runs for ench mnturity group] 

Oontor Ono·hllif mdius Throo·fourths radius 
Maturity 
group I ElYoetivo COOtllCIOllt ElYcctlvo Cootllclollt ElYecth70 Coeflloient 

thermal of variation thormal of variation thornml of variation 
dltYuslvlty dltYuslvlty dllYusi \"lty 

1()-3 sq./t./hr. Percellt 1()-3 ag./t./hr. Perccllt 10-3 .,q./t./hr. Perccnt1__________ 
3. 44 5.43 3.76 5.97 4.11 6. 672 __________ 
3.15 5. 12 3. 37 5.42 3.59 5.813 __________ 

4 __________ 2. 74 5. 00 2.93 5.39 3.05 5. 65 
2.95 5. 10 3.15 5.45 3.36 5.945__________ 
3. 09 5. 47 3. 37 5.96 3.64 6.55 

1 Harvest dates for maturity group,~ are given on p. 2. 

If sufficient time is allowed for the rate of temperatme change to be 
uniform throughout a solid homogeneous sphere, the slope of the 
linear temperatme response will be equal at all points along !lny 
radial coordinate. BeCl);Use of grapefruit, characteristics and of am
biguity associated with heat conduction along the probe, temperature 
response of Marsh grapefruit produces a small difference in slope at 
the tlu'ee points alon~ the mdius. This difference is reflected in the 
resulting values of effective thermal diffusivity as evaluated on the 
basis of temperatme response at the center, one-half the radius in the 
equll,torial plane, and three-fomths the radius in the same plane. We 
believe the more aCClll'ate values .are taken at three-folll'ths the radius, 
which is approximtttely tb..epoint of mass-average temperature. 

The effective thermal diffusivity of Marsh grapefruit might be 
arbitrarily assumed to vary with temperature in somewhat the same 
,Proportion as water; i.e., a decrease of about 1O-~ sq. ft./hr. for each 

F. tempel'l1tme reduction in the range considered. The averaging 
effect of the above described method-that of evaluating effective 
thermal diffusivity based on time-temperature response within a 
homogeneous sphere in an agitated bath-negates this phenomenon. 
But this method yields values for specified times cr rresponding to 
known values of fruit temperature, which may be ,;'uatistically an
alyzed for correlations of temperature on thermal diffusivity. 

From 631 observations in 50 test runs, the linear correlation of mass
average temperature with effective thermal diffusivity, based on tem
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perature response at the center, was found to be 

t=-7.42+13592.24a. (7) 

From a regression analysis, in which five types of curves were tested, 
this was the best fitting linear l'esponse obtained. Average values so 
obtained are approximately 22 percent groater than those found by 
applying the geometry correction to the first-term approximation. 
Interestingly, the deviation is of the same order of magnitude and in 
the same direction as that found when the first-term approximation 
is used withotlt applying the geometry correction described above. 
The solid line of figure 8 illustrates the correlation as it stands with
out applying the geometry correction. A constant reduction of 22 
percent over the temperatm'e mnge yields a set of values comparable 
with those obtained by the geometry correction technique and that 
show the influence of temperature on diffusivity. The corrected values 
are illustrated with the dashed line in figure 8. 

Dimensions and physical properties, averaged by maturity groups, 
are listed in table 2. 

Evaluation of effective thermal diffusivity for the whole fruit was 
made on the basis that the fruit rind and juice-vesicle components 
comprise one homogeneous mass constituency. Actually, the two 
components contrast sharply in their texture and composition. The 
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FIGURE S.-Influenee of tempern.ture on experimentally evaluated effective 
thermal diffusivity of Marsh grapefruit. 
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TABLE 2.-Diameter, specific gravity, thickness of rind, and moisture 
content of rind and juice-vesicle components for Marsh grapefruit 

[Average of 10 runs for each maturity group] 

Maturity Equatorial Coolllcient Polar Coo:ficient SpecUlc Coefficient 
group I diameter oCvariation diameter oC variation 'hllVity oC variation 

(w ole fruit) 

lnche. Percent lncht. Percent Percent1 __________ 
4. 134 3. 3 3. 806 7.9 0.84 3.2 

2_--------- 4.162 2. 8 3. 644 5.4 .86 3.03__________ 
3. 895 3.6 3. 431 6. 0 .82 2.84__________ 
3. 975 2.5 3. 525 3.5 .85 2.05 __________ 
4.038 5.5 3. 557 5.6 .88 1.8 

Maturity ,Rind Coolllclent Moisture Coe'llcient Moisture Coomcient 
group I t~\ckness oCvllriation content DC DC variation content DC oCvarlation 

rind juice vesicle 

lnche. Percent Plrcent Percent Percent Percent1 __________ 
0.306 13.5 79. 3 3. 7 87.8 O. 72 __________ 
.252 13.4 77.2 2.0 87. 3 1.23 __________ 
.307 21.6 79. 4 2. 6 88.4 .64__________ 
.253 15. 3 79.6 1.3 88. 8 .85 __________ 
.224 15.5 77.8 1.9 88.9 1.4 

1 He.rvest dates for maturity groups are given on p. 2. 

rind is composed of what is called the albedo and the flavedo. The 
albedo is a spongy layer of loosely arranged cells with many gas.;filled 
intercellular spaces. The flavedo, or epidermal layer, contains nu
merous oil sacs and is more dense than the albedo. The juice-vesicle 
component is composed of numerous tigh~ly arranged liquid-filled 
sacs. The density of the rind is about one-half that of the j uiae vesicles. 

However, the difference in density does not affect the experi
mentally evaluated thermal diffusivity. As Perry and coworkers 
(6) described it, "in a given material where density changes because 
of changes in porosity, the thermal conductivity is approximately 
proportional to density, so that the diffusivity remains about con
stant." They confirmed their theory by anumerical solution involving 
two concentric spheres of known thermal properties. Further support 
of their theory was gained from the results of a more thorough scrutiny 
of the two separate components. The thermal conductivity, density, 
and specific heat were expressed in terms of a calculated diffusivity 
for the rind and for the juice vesicles separately to :provide a com
parison of the two respective values for each matunty group. The 
results are listed in table 3. . 

The equation for determining the calculated thermal diffusivity, 
ex, is 

k 
ex=

pCp 
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where 

k=thermal conductivity, B.t.u. per (hr.) (sq.ft.) (0 F. per ft.) 

p=density of substance, lbs. per (cu. ft.) 


cll=specific heat of substance, B.t.u. per (lb.) (0 F.) 


Specific heat data were calculated from Siebel's equation 1 on the 
bllsis of moisture-content data reported in table 2. Density 
villues were obtained by Otto Jahn,2 during the 1964-65 season, from 
fruit other than that used in this work. Thermal-conductivity datil 
',vere experimentally eVllluated as described later (p. 15). 

The similarity in thermal diffusivity of the rind and juice-vesicle 
\~omponents calculated by equation (8) substantiates the lugic of 
P~rry Ilnd coworkers (6). Values so obtained are noticeably larger 
tlum those reported in table 1. This difference may be attributable 
to the influence of temperature on thermal cliffllsivity; it may be the 
result of convection heat transfer in the rind and juice-vesicle samples 
during thermlll-eonductivity tests; or possibly it may be the result 
of both. Table 1 values Ilre bllsed on mellsurements taken at an aver
Ilge temperature of approximately 55° F. Table 3 values are based 
on mellsurements taken at logarithmic mean tempemture of 80° for 
the rind and 88° for the juice vesicle. Temperature effect is seen in figure 
6. The texture and moisture content of the specimen is such that ther
mally induced fluid movement within the intercellular spaces of the 
rind and within each individual juice vesicle sac can be significant. 
The high temperature gradient across the sample is certain to induce 
some fluid movement. Consequently the convection component could 
cause the values to be larger than they would be if heat transfer 
were by conduction only. 

TABLE 3.-Specijic heat, density, and calculated thermal diffusivity 
of the rind and juice-vesicle components of Jo.,farsh grapefruit 

Specific heat.' Density,' lb./cu. ft. Thermal dllIuslvlty,' 
B.t.u./lb./"F. 11)-' 5'). It./hr.

Maturity group I 
Rind Juler. Rind Juice Rind Juice 

vesicle vesicle vesicle 

1______________________ 
O. 835 O. 901 35.1 63.4 4. 80 4. 50 

2_~ ___ ______ _________~ ~ 

3 ______________________ .818 .898 36.1 63.3 4.65 4. 94 
.835 .906 35. 2 63.7 4.75 4. 954 ______________________ 

5 ______________________ .837 .910 35.6 62. 9 4.79 4. 94 
.822 .911 38. 7 62. 7 4. 34 4.45 

1 Harvest dates for the maturity groups are given on p. 2. 
2 Based upon average of 10 runs within each maturity group. 
3 Personal communication from Otto Jahn. 
• Calculated from expcrimcntally obtaincd thcrmal conductivity. 

I co = 0.008 X pcrccnt moisture content +0.20. 
~ Personul communication. 
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Characteristic Thermal Conductivity of .Rind and Juice 

Vesicle 


Characteristic thermal conductivity for the rind and juice-vesicle 
components was evulu!lted by use of the equation 

o (9)k=Lb 

where the constant, 0, is a measure of the heatrretaining capacity 
of the copper sink: thn.t is located in the base of the Cenco-Fitch 
apparatus. It hns a value of 3.3 B.t.u. per (sq. ft.) (0 F.). The slope, 
b, IS the coefficient of linettr regression of time (hours) on a functlOn 
of the temperature difference between the heat source (upper eopper 
pla.te) and the heltt sink:. Test. sp.ecimen thickne~s, L, is expressed i~ 
mertes . .A more thorough descl'lptlOn of the expcl'lmental and analytI
cal pror,edure used mlty be found in the report of Bennett and co
workers (2). The results, shown as averages by maturity groups, are 
listed in table 4. 

TA.BLE 4.-Measured val:ues oj characteristic thermal conductivity, k, 
j01' the rind and j1Lice-vesicles components oj Marsh grapejruit, 

iAvemge oUO runs for each maturity group) 

Rind thermal Coe'llclont Juice-vesicle Coefficient 
Maturity group 1 condnctivity of variation thermai of variation 

conductivity 

B.t.u. per (hr.) B.t.u. per (hr.) 
(,g./t.) (0 F. (,q./t.) (" F. 

1_________________________ _ per/t.) Percent per/t.) PerCl!nt 
0.1412 11. 9 O. 2562 9.3 

3__________________________ 
2 _________________________ _ 

.1371 13. 1 .2810 6. 2 
4 _________________________ _ .1398 6. 5 ..2848 5.6 
5 _________________________ _ .1426 9. 6 .2822 9.0 

.1379 7. 9 .2539 4.0 

1 Harvest dat<ls for maturit)r groups nregiveo 00 p. 2. 

Because of the conditions discussed in the preceding section, to 
simply call these vnlues ttthermal conductivity" would be a mis
nomer. Instead, it seems appropriate to use the term "characteristic 
thermal conductivity" to describe the heat transfer property obtained 
by the foregoing procedure. 

Values of thermal conductivity, specific heat, and density that 
characterize the totltl mllSS constituency are needed for computation 
of an apparent value of thermal diffusivity for the whole Marsh 
grapefruit by use of equation (8). Such values would not be accurate, 
but they would provide a characteristic measure of the respective 
properties of the combined components. For this purpose, an apparent 
thermal conductivity for the whole fruit is calculated by utilizing the 
measured values obtained for the separate components. If the juice
vesicle and rind sections are assumed to be two hollow concentric 
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spheres (fig. 6), the total resistance to heat transfer is 

U,=UI2+U23 (10) 

where, resistance through the juice vesicles is 

(T2-Tl) 
(11)

41rk12TIT2 
through the rind is 

(12) 

and through both the juice vesicles and the rind is 

U (r3-r l). (13) 
I 41rk/ZppTlr3 

Equations (11), (12), and (13) can be combined and (,;..mplified to 

k k12 k23r2(r3-Tl) . (14) 
app k12r l (T3-r2) +k23T3(r2-r l) 

This technique is valid and is widely used for computing a single 
factor that denotes the heat transfer characteristic of a heterogeneous 
mllss constituency consisting of several adjoining layers of different 
materials. Examination of values of apparent thermal conductivity, 
(table 5) indicates that the effect of the rind is almost negligible. A 
significant bias in favor of the juice-vesicle component is evident. 
When this factor is used in equation (8) to compute apparent thermal 
diffusivity, the inherent bias is reflec.ted in the results. 

The product of specific heat and density is a single factor that 
denotes the heat capacity per unit volume of a substance. Values 
given in table 5 l"epresent the sum of partial capacities ·of the rind 
and juice-vesicle components based upon proportionate volumes of 
test fruit. The rind of Marsh grapefruit constitutes 30 to 40 percent 

TABLE 5.-0alc1tlated values oj apparent thermal conductivity and ap
parent thermal dijJ1tsivity jar the whole Marsh grapejruit, based on 
meas1l1'ed thermal conductivity j01' the Tind and juice-vesicle components 

Apparent Apparent
:Maturity group I Reat capacity thermal thermal 

condUctivity diffusivlty 

B.t.u./cu.{t.f F. B.t,u./hr./t.f F. Sg./t./hr .X/O-3 

1__________________________________ 46.0 0.2513 5. 5
2__________________________________ 45.8 .2755 6, 03__________________________________ 45. 8 

.2768 6. 04__________________________________ 47. 6 .2764 5.85__________________________________ 49.2 .2502 5. 1 

Harvest dates for the maturity groups are given on p. 2. I 
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of its total volume. Its unit heat capacity is about half that of the 
juice vesicle and,therefore, is only 20 to 25 percent of the total. 
Oonse9.uently, the weighted heat capacity of Marsh grapefruit is 
apprmnmately 20 percent less than it would be if the effect of the 
rmd were neglected. Specific heat and density (table 3) were used 
for the weighted computations. 

Apparent thermal diffusivity values reported in table 5 are 37.5 
percent greater than those reported in table 1. Part of this discrepancy 
may be attributed to the reasons. explained in the preceding section 
(p. 14). However, most of the error seems to be caused by the bias 
introduced through use of apparent thermal conductivity in relation 
to weighted heat capacity. If specific heat and density for the whole 
grapefruit are used as a basis for computing apparent thermal dif
lusivity, the results are comparable with those reported in table ~. 
Hence, the error probably is a product of bias attributable to the 
technique used for obtaining the results. 

Correlations 
Statistical analyses were made to ascertain correlations, by maturity 

groups and over n.ll maturity groups, between the following variables: 
(1) Rind thickness, (2) J'ind thermal conductivity, (3) juice-vesicle 
thermal conductivity, (4) effective thermal diffusivity, (5) rind 
moisture content, (6) juice-vesicle moisture content, and (7) specific 
gravity. .An analysis of all possible correlations over all maturity 
groups revealed five statistically significant correlations. In addition, 
four other relations reflected a strong tendency to correlate, but 
these were not significant at the 5-percent level of probability. (See 
following tabulation.) 

Correlation 
coefficient. 

(r)2Variable correlation: 1
Rind thickness on specific gravity___________________________ _ -0.7823 
Rind moisture content on specific gravity_____________________ _ -.5914 
Rind thickness on rind moisture content______________________ _ .4867 
Rind moisture content on juice-vesicle moisture contenL_______ _ .4059 
Thermal condl>\ltivity of juice vesicle on specific gmvity________ _ -.3049 
Thermal conductivity of rind on juice-vesicle moisture content__ _ .2645 
Thermal conductivity of rind on rind thickness________________ _ -.2553 
Thermal conductivitv of rind on rind moisture content__________ _ .2004
Rind thickness on fruit siz(' _________________________________ _ .1991 

I All maturity groups combined. 

2 Critical value of r, 5-percent level, 0.273. 


From these correlations a considerable interflction between rind 
thickness, moisture content of the rind and juice vesicle, thermal 
conductivity of the rind flnd juice vesicle, and specific gravity is 
noted, with the specific gravity having the greatest influence. How
ever, when maturity groups are considered separately, measured 
effective thermal diffusivity is found to correlflte directly with specific 
grflvity and inversely with rind thickness (table 6). In the absence of 
a clarifying explanation, the seemingly wayward results of maturity 
group 5 must be attributed to experimental error. 



181'ECHNICAL BULLETIN NO. 1413, U.S. DEPT. OF AGRICULTURE 

TAB.LE 5.-Correlation of measl~red effective thermal diff1lsivity on 
specific gra;vif:y and 1'ind thickness jor Marsh grapefmit by maturity 
g1'O'1~pS 

Con1l1ntion coefficIents (r) 2 

Maturity group I Thermal Thermal 
dlfJuslvityon dlfJuslvity on 

specific gmvlty rInd thIckness 

1_____________________________________________ _ 
0.5218 -0.3814 

3 ____________________________________________ _ 
2 _____________________________________________ _ 

.6339 -.4690 

.7914 -.55984________________________ . -- _________________ _ 

.8295 -.60845 _____________________________________________ _ 
-.1436 .4290 

1 Harvest dates for the maturity groups are given on p. 2. 
2 Oritieal value of .r, 5-percent level, 0.602. 

Another interesting result of this investigation of correlations is 
the effect of harvest date on certain of the physical properties. This 
effect was not evaluated statistically) but It is apparent from the 
d!;;ta given in tnble 2. Results ndicate that as the harvest season 
aJlvances the fruit becomes more dense, its rind becomes thinner, 
amI the moisture content of the rind decreases. Harvest date appar
ently did not affect moisture content of the juice vesicles. A notable 
tendency fo1' measured effective thermal diffusivity to correlate with 
harvest date if maturity group 1 is omitted from consideration 
(table 1). This omission is considered vn.lid because of experimental 
error encountered in maturity group 1, which caused the vnlues 
to be significantly lorger than those in the other four groups. 

Temperature Distribution 

Multiple regression analysis 
As described under trExperimental Procedure," the temperature his

tory of each test fruit was measured at~-inchintervals along the radius 
in the equa.torial plane. The multiple regression technique of curve 
fitting was used to compute polynomial coefficients that express 
temperature distribution within the fruit as related to time for each 
maturity group. The model for the prediction equation is of the form 

Y == a+ b1xI+b2X2+baXI2+b4X22+ b5X13+ b6X2J+ b7Xr X2 

where, in this example, 

Y = the dimensionless temperature variable 
xI=time 
x2 =position in the fruit 
a=mtercept 

bl to b7=constant coefficients 

when the temperature and position varia.bles are expressed as nor
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molized ratios, the res'llting coefficients should ,be essentiallyequal 
in all planes. Computed values for the respective maturity groups 
are listed in table 7. The coefficient of variation among maturity
group Uleans for temperature war. .5.22 percent. 

Temperature distribution during c('oling does not differ statistically 
between maturity groups or between runs within a maturity group. 
Oonsequently, for practical application, predicted values fTom any of 
the five groups will adequately describe temperature distribution within 
Marsh grapefruit duriug cooling with negligible surface heat transfer 
resistance. Figure 9 illustrates the internal temperature distribution 
wj:cbin Marsh grapefruit, initially at 85° F., being cooled in agitated 
k:e water at 35°. Data for similar curves may be calculated by sub
s:tituting the appropriate constant coefficients into the regression 
equation and solving for temperature ratio for any number of specified 
conditions. 
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FIGURE 9:-Teplperature response within a Marsh grapefruit, initially at 85° F., 
cooled ill agItated water at 35°. Calculated from prediction equation for ma
turity group 4. 	 . 
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TABLE 7.-Intercepts and polynomial coefficients .101' 	 temperature distribution in each. of 6 maturity groups of Marsh. 
grapefruit 

Maturity group I a bl b, b, b, b, be 07 Coefficient ~ 
of variation 

~ 
PeraiU1 ___________________________ 	 ....

1. 2424 -1.1601 -0.4334 O. 3973 -0.5532 -0.0562 O. 1841 0.3852 13. 962__ ________________________~ "'" 1.2621 -l. 1340 -.4159 .3647 -.1710 -.0460 -.1410 .3202 4.45 ....3 ___________________________ 	 0"
4 ___________________________ l. 2326 -l. 1063 -.1588 .3713 -.0786 -.0508 -.1801 .3093 3. 80 
5 ___________________________ l. 2762 -l. 2196 -.5117 .4540 -.0858 -.0731 -.1548 .3454 5.10 ~ 1. 2436 -1.2058 -.3590 .4313 -.3293 -.0597 -.0247 .3243 4. 60 

fTJ 

I Harvest dates for the maturity groups are given on p. 2. ij 
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Oooling curves plotted fl'om prediction do.to. do not precisely con
form to o.ctuul temperature distribution patterns, The curve-fitting 
n.nulysis is an approximating procedtu'ej hence, small irregularities, 
whether o.ct.Uo.Uy present or experimentally induced, o.re not shown. 
From figure 9 ,it. o.ppears that the 'Gempero.ture distribution from center 
to surface is smooth, with no sudden cho.nO'e in gl'o.dient between tbe 
juice-vesicle n.nd rind components. Actually, beco.use of the relative 
resistn.nce of hoo.t trn.nsfer, there is 0. noticeo ble chn.nge in gradient at 
the intorin.ce between the two components. This phenomenon is dis
cussed in the following section. 

Effect of rind on temperature distribution 
Findings reported in en.rlier sections hn.ye shown that the three 

MILrsh gl't1pefruit. rind properties, (1) thermn.l conductivity, (2) 
specific hent, anel (3) density, u,re not equn.l to the cOl'l'esponding 
j nice-vesicle properties. Hen.t, eltu'ing truuslOnt cooling, flowsthrongh 
these two different mn.teriu.ls, the rind n.nd the juice vesicles, n.long 
rn.din.l Goordinn.tes moving from center to surfuce (fig. 10) . 

.According to In.ws of heat tro.llsfer, it is possible to huye n. discon
tinuity of temperu.ture [Lnd ot tempero.Lure gradient at the interface 
between the two mn.terin.ls. it hn.s been shown that the thermal 
diffusivity of the two componell.ts is essentiall:y eq nal. From Schneider's 
"Temperature Response Ohurts" (8), it is seen that the temperature 

INTERFACE 

DIRECTION OF --~~ /WI~I----DIRECTION OF 
HEAT FLOW HEAT FLOW 

JUICE VESICLES-----l~~ 

FIGURE lO.-Seetion. of Marsh grapefruit illustrating the different properties of 
the rind aud juice-vesicle components and the flow of heat through the interface 
between the two components. 

http:componell.ts
http:mn.terin.ls
http:mn.teriu.ls
http:intorin.ce
http:o.ct.Uo.Uy
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at the interfltCe of the two adjoining materials is continuous. Ther.e
fore, there is no change in rate of heat transfer through Lhe boundllry 
between the two materials. At an instantn.neous time, the heat, (lQ!, 
that leaves the ju.ice vesicles in the direction of positive x, is eqnal to 
the heat, CZQ2, that enters the rind. When these two elemental heat 
quantities l1;re equated, the equation is 

(15) 

From tn,bIe 4: it is noted that k! =;6k 2• Therefore, to satIsfy the condition 
of equation (15), the temperatLU'e gradient (dt/(Zx)! does not equal the 
temperILtme grfldient (clt/dx) 2. As Grober ILnd coworkers (6) observed: 
"Since there is IL discontinuity in k at the point considered, it follows 
therefore that. t.here must also be IL discontinnity in the temperature 
grILdient, fL11ci this is true not only for the steo.dy state but also for 
the unst.endy stftt(l." 

The cooling of Marsh grapefrnit involves unsteady state heat 
transfer throuCl'h the juice-vesicle and Tind components. Since the 
properties of these components are different, there is a difference in 
the temperatLU'e gradient between the two. There is, therefore, a 
"bren,k" in the tomperatLU'e distribution CLU've at the interface between 
the two materials. This "break" is not noticeable when the tem
poratme distribution is plotted from the prediction equation. How
ever, when raw experimental data is plotted, the response is e<vident. 
This response, representing an average of 10 test runs from matmity 
group 4., is shown in figure 11. 

Linear regression analysis 
Soltltion of the regression eqnation containing the po~nomial 

coefficients listed ill tILble 7 prodllces a nonlinear l'esponse when 
plotted on rectfLngular coordinates. For specified values of time and 
distILnce ratio, a family of elUTeS is generated. When these data 
points fLl'e plotted on setnilogarithmic coordinlLtes, the result will be 
a fmuily of straight lines whose slopes ILl'e a function of time, position, 
product geometry, and heat transfer property. This linefLr response 
mILy also be e\Talul1.ted by cOllYerting the dimensionless temperature 
Ytwin,ble to logarithms and computing a linefLl' regression. If there is 
tt dose "fit" of the dabt p0ints to a straight line in the graphical 
analysis, the results of the two methods will be comparable; ie., 
essent1!Lliy equal slopes. 

A. )ineal' regression of temperatme fLS related to time-at the center, 
at one-half the l'adius, ttnel at tbree-fomths the radius-was computed 
for efLch :Marsh grapefruit test run. The generfLl form of the equation 
is 

where, for this applicfLtioIl, Y is log" T, a. is the intercept, fLnd f3 is 
the constant coefficient corresponding to the slope. The slope f3 is 
used in equation (5) for computing effective thermal diffusivity. The 
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FIGURE n.-Internal temperature distribution in Marsh grapefruit plotted from 
raw expprimental data recorded during transient cooling test runs. Dotted lines 
show discontinuity in temperature gradient at interface. Average of 10 test 
rUllS from maturity group 4. 

intercepts !tnd coefficients are listed in table 8 as m!tturity-group 
me!tns. The linen.!' 1'esponse of maturity group 4 is shown in figure 12. 

Pflug and coworkers (7) plotted the actu!tl product temperatures 
on a log!trithmic scale so that the change of temperature per unit 
chanO'e of time could be 1'ead directly. This procedure provides a 
simpfe and easily understood way of showing the temperature 1'e
sponse within a product dtITing cooling. It, however, has the disad
vantage of applying to specific conditions of the product and the 
surrounding fluid temperature. In practice, these conditions are 
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TABLE 8.--Linear temperatttre,responseparameters jor Marsh ,grape
fruit cooled in agitated ice water 

[Maturity group meBIlS] 

Maturity group Bnd location ofresponse I Slope Intercept CoeIDolent Correlation 
of Vllrlatlon coeIDoient 

1: lL__________________________
B__________________________ 
·.C__________________________ 

-1. 23 
-1. 35 
-1. 47 

0.29 
11 

-.32 

5. 44 
5. 97 
6. 67 

-0.98 
-.95 
-.,93 

2: .lL_________ .. ________________ -1. 17 .. 29 5. 12 - ..97 
E~_______ .-----------------C __________________________ -1. 25 

-1.33 
20 

- 12 
5. 42 
5. 81 

-.98 
-.98 

3: lL__________________________
B__________________________ 
C ______________________ , 

--

-1. 14 
-1. 22 
-1. 27 

.. 26 
17 

- 16 

5. 00 
5. S9 
5.,65 

-.97 
-.'9.7 
-.9.6 

4: lL__________________________ 
JB__________________________ 
C __________________________ 

-1. 17 
-1. 26 
-1. 34 

29 
19 

- 14 

5. 10 
5. 45 
5. 94 

-.99 
-.99 
-.97 

5.: lL______________ • ___________
B__________________________ 
C __________________________ 

-1. 23 
-1. 34 
-1. 46 

..28 
19 

- 15 

5. 47 
5. 96 
6. 55 

-.9.6 
-.'97 
-.95 

1 Harvest dates for IDat,urity groups are given on p ..2. A, Center of :fruiti B, 
one-half of radius;C, three-fourths of radius. 

generally confined to a narrow range, and two curves of upper and 
lower limits may be used to encompass a band of normally expected 
conditions. Temperature-time curves for specified points within the 
fruit may be plotted from the empirically based coefficients listed in 
table 7. The parameters listed in table 8 may also be used to plot 
temperature response at the locations shown. 

Masfj-averagetemperature 

The concept of mass-average temperature is receiving increased 
acceptance among engineers and scientists engaged in the design of, 
or research toward,development of refrigeration systems for cooling 
(or heating) perishable food products. This concept is particularly 
important with rapid precooling where there is likely to be a temper
ature gradient from the center to the suriace of the substance being 
cooled. 

The amount of heat stored in or released from a stlbtance ina 
given time is ascertained by mea.suring the temperature. If the tem
perature throughout the substa.nce is uniform, measurement may be 
made ,vithout regard to location within the substance. If the tem
perature is not uniform, however, an average temperature .must be 
used. If the gradient is linear, an average is easily obtained. When 
the gradient is not linear, which is usual, a mass-average tempera
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FIGURE 12.-Lineariiemperature response of Marsh grapefruit, initially at 85° F., 
cooled in agitated ice water at 35°. Fruit harvested in February 1965 (maturity 
group 4). 

ture, based on the nonlinear temperature distribution as related to 
time, should be evaluated. 

When Marsh grapefruit at room temperature is immersed in a 
bath of agitated ice water, its surface temperature suddenly becomes 
essentially equal to the temperature of water. Initially, there is a 
steep temperature gradient near the surface of the fruit. As cooling 
progresses, the gradient moves toward the center and diminishes as 
it moves inward. Eventually, the gTadient vanishes. The fruit is then 
at the tempel~ature of the water throughout. This characteristic 
relation Gf surface to internal heat transfer is discussed in the section 
on evaluation of effective thermal diffusivity. The application of this 
phenomenon in the evaluation of the magnitude 11nd location of 
mass-average temperature during rapid precooling of 1\'larsh ,grape
fruit is described in this section. 

The method of Smith and Bennett (9) for evaluating the 	mass
average temperature within a substance during transient cooling 
makes use of the expression for internal temperature distribution as 
related to time. By substituting specified time values intO' the poly
nomial prediction equation, they obtained a set of equations (one 
for each time) that express the temperature ratio, Y(R), in terms 
of the radius ratio, R. The equation takes the form 

(16) 
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where a, b, c, and d are the constant coefficients of R. 
The mass-overage temperature of a substance denotes a measure 

of the heat contained in the substance, above some reference level, 
at any time during heating or cooling. The heat content of a sphere, 
when R= 1, was expressed by Smith and Bennett (9) in the form 

. Q=KYma (17)
3 

where K is a constant for 411" pCp. By equating this equation to an 
equation that expresses the same heat content in terms of the tem
perature distribution along the radial coordinate, they obtained a 
function that expresses temperature ratio at the mass-average point 
for a specified time. 

The heat content of the substance is a direct function of its volume, 
or mass. The volume of an oblate spheroid is less than the volume 
of a sphere whose diameter is equal to the major axis of the spheroid. 
Based on the average equatorial and polar diameters of the 50 test 
fruit used in this study, the volume coefficient of Marsh grapefruit 
is 0.883. Volume coefficient is the ratio of the volume of the average 
fruit specimen used in this study to the volume of a sphere whose 
diameter is equal to the equatorial diameter of the fruit, which 
means that the heat content of Marsh grapefruit is 88.3 percent that 
of a corresponding sphere. Introduction of this volume coefficient 
into equation (17) yields a measure of the heat content of an oblate 
spheroid whose dimensions correspond to the representative fruit 
of this study; that is, 

Q 0.883:: Y ma 0.2943 K Y mao (18) 

When equation (18) is equated to the expression of heat content in 
terms of the temperature distribution along the equatorial plane of 
Marsh grapefruit, the equation obtained is 

Y ma= 1.132a+0.848b+0.679c+0.566d. (19) 

Substitution of the above constant coefficients into equation (19) 
yields the solution of mass-average temperature ratio for the specified 
time. The point on the radius where this particular mass-average 
temperature occurs may be found by either graphical or analytical 
solution of equation (16). 

Application of this method for maturity group 4 takes the following 
procedure: 

Insert the appropriat,::. polynomial coefficients from table 7 into 
the model equation and solve for temperature ratio, Y rna, in 
terms of radius ratio, R. For a cooling tIme of 30 minutes 
hours), compute 

(0.5 

Y(R) =0.7708- 0.3390R- 0.0858R2_- 0.1548R3 
Thus 

a=0.7708; b=-0.3390; c=-0.858; d=-0.1548. 

(20) 
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Substitute the respective coefficients into equation (19) and 
solve for Y mao 
Result: 

y ma=0.4391. 

Problem: Initial fruit temperature is 90° F. 

Surface temperature during cooling is 35°. 


Solution: 


t-ts 
Yma=tl-ts 

t-35° 
0.4391 900-350 

t=59.15°F. 

The point along the radius in the equatorial plane where this 
mass-average temperature occurs can be found by substituting 
the value obtained for Y rna into Y(R) of equation (2D) and 
solving for R. The result is 

R=0.699. 

This process is one of trial and error. Values of predicted magnitude 
and location of mass-avera~e temperature may be similarly computed 
for other cooling times. Values so computed for maturity group 4 are 
illustrated in figure 13. 

CONCLUSIONS 
The effective thermal diffusivity of Marsh grapefruit may be ac

curately evaluated by using the first-term approximation of Fourier's 
Sine-Series temperature response and applying Smith's correction 
factor. 

There is no appreciable difference in the thermal diffusivity of the 
rind and juice vesicles when calculated from separately measured 
values of thermal conductivity. 

The thermal conductivity of the rind of a Marsh grapefruit is about 
one-half that of the juice vesicles. When the thermal conductivity is 
measured by the method cited in this bulletin, a small convection 
component of heat transfer causes the resulting values to be higher 
than if conduction heat transfer alone were involved. 

Apparent thermal conductivity, computed by summing the re
sistances of the rind and the juice-vesicle components, does not provide 
a meaningful measure of the heat transfer characteristic of a whole 
Marsh grapefruit unless the error introduced by inherent bias is 
corrected. 

Findings have shown a significant interaction between rind thick
ness, moisture content of the rind and juice vesicles, thermal con
ductivity of both rind and juice vesicle, and specific gravity; and, 
also that as the harvest season advances from October through May 
fruit becomes more dense, its rind becomes thinner, the moisture 
content of the rind decreases. These findings are consistent with the 
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FIGURE 13.-1'vIagnitude and location of mass-average temperature of :Marsh 
grapefruit cooled in agitated ice water. From temperature response of maturity 
group 4. 

observed increllse in effective thermal diffusivity in relation to length of 
hllrvest sellson. 

The effect of time of harvest on experimental temperature distri
bution WIlS not considered statistically significant. However, the an
alytical technique was probably not sufficiently critical to detect the 
effect of harvesttime on temperature distribution. 

The influence of the s-reater heat transfer resistance through the 
rind than through the JUIce vesicles is noticeable in experilnental data 
recorded during transient cooling. This factor could possibl.r have a 
slight effect on cooling rate, but it would not be sufficient to be con
sidered of significance for commercial application. 

Because 11nrsh grapefruit is an oblate spheroid, its mass-average 
temperature is slightly nearer to the center than it would be if it were 
a perfect sphere. 



THERMAL CHARACTERISTICS OF MARSH GRAPEFRUIT 29 

UTERATURE CITED 
(1) BENNETT, A. H. 

1964. 	 PUECOOLING FRUITS AND VEGETABLES. Amer. SOC. Agr. Engin. 
Trans. 1(3): 265, 266, .270. 

(2) --- CHACE, 'V. G., JR., and CUBBEDGE, R. H. 
1964. 	 THEUMAL CONDUCTIVITY OF VALENCIA ORANGE AND MARSH GRAPE

FRUiT RIND AND JUICE VESICLES. Amer. Soc. Heating, Refrig
erating, and Air-Conditioning Engin. Trans. 70: 256-259. 

(3) CU,\CE,W. G., JR., HARDING, P. L., SMOOT, J. J., and CUBBEDGE, R. H. 
1966. 	 FACTORS AFFECTING THE QUALITY OF GR,\PFJFRUIT EXPORTED 

FROM FLORID,\. U. S. Dept. Agr. Market. Res. Rpt. 739, 21 pp. 
(4) GRIEUSON, 'V., nnd HAYW.\RD, F. W. 

1958. 	 HYDROCOOLING STUDIES WITH FLORIDA CITRUS. Fla. State Hort. 
SDC. Proc. 71: 206. 

(5) 	 GRODEU, H., EUK, S., and GRIGULL, U. 
1961. FUNDAMENTALS OF HEAT TRANSFER. McGraw-Hill Book Co., N.Y. 

(6) PERRY, RUSSELL L., TURRELL, F. M., and AUSTIN, S. W. 
1964. 	 THERMAL DIFFUSIVITY OF CITRUS FRUITS. In Heat-lVIass Transfer 

and Thermodynamics, pp. 242-~46. McGraw-Hill Book Co., N.Y. 
(7) P},LUG, I. J., BLAISDELL, J. L., and KOPELMAN, I. J. 

1965. 	 DEVELOPING TEMPERATURE-TIMb CURVES FOR OBJECTS THAT CAN 
BE APl'ROXU!ATEDBY A SPHERE, IN],'INITE PLATE, OR INFINITE 
CYLINDER. Reprint of paper presented to semiannual meeting 
of Amer Soc. Heating, Refrigerating, and Air-Conditioning 
Engin, Jan. 25-28, 1965, Chicago, Ill. Mich. Ab'T. Expt. Sta. 
Jour. Paper 3340, 10 pp. 

(8) 	 SCHNEIDER, P. J. 
1963. TEMPERATURE RESPONSE CHARTS. John Wiley and Sons, Inc., N.Y. 

(9) SlUTH, R. E., nnd BENNETT, A. H. 
1965. 	 MASS-AVERAGf: TEMPERATURE OF FRUITS AND VEGETABLES DURING 

TRANSIENT COOLING. Amer. Soc. Agr. Engin. Trans. 8(2): 249
252,255. 

(10) --- NELSON, G. L., and HENRICKSON, R. L. 
1966. 	 APPLICATIONS OF GEOMETRY ANALYSIS OF ANOMALOUS SHAPES TO 

PROBLEMS IN TRANSIENT UEAT TRANSFER. Amer. Soc. Agr. Engin. 
Paper 66-303, 27 pp. 

u.s. GOVERNMENT PRINTING OFFICE: 1970 0-368-457 



.' 


