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Review of the specific heat of food models
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This review proposes the mathematical models widely used by predicting the specific heat of food as a function of temperature.
Specific heat is a measure of the energy required to change the temperature of food by one degree. Specific heat of food is essential
to determine the heat load imposed on the designing food processes and processing equipment. Above freezing temperature
the predicting mathematical model is called specific heat of food. Below freezing temperature the model is called apparent specific
heat of food, because of the latent heat involved during phase change. The specific heats of food depend on their composition,
structure and temperature. Three ways to obtain value data of specific heat of food such as published data (literature), direct
measurement (experiment) and predictive equation (prediction). Predicting of the specific heat of food products was using
mathematical models. Mathematical modeling is economical method to determine for predicting of the specific heat of food.
Typically, these mathematical models are based on food compositions. The most widely used predicting models are Choi and
Okos (1987) model and Schwartzberg (1976) model. These mathematical models are can be used by predicting of the specific
heat of food as function of temperature. Other widely used predicting the mathematical models are Seibel (1892), Chen (1985)
and Heldman (1975). Seibel (1892) and Heldman and Singh (1981) models do not show the effect of temperature.

Keywords: specific heat, heat load, food compositions, temperature, mathematical models.

Article info:

Received 29/03/2019, accepted 20/06/2019

DOI: 10.17586/1606-4313-2019-18-3-82-86

Article in English

For citation:

Aye Tun, Baranov 1. V. Review of the specific heat of food models. Vestnik Mezhdunarodnoi akademii kholoda. 2019. No 3. p. 82—-86.

Moaean onpceacjacHus yIlEHLHOﬁ TCNJOCMKOCTH NMMPOAYKTOB INTHTAHUA

AW TYH!, 0-p mexn. nayx . B. BAPAHOB?
layetunitmo@gmail.com, ?ivbaranov(@corp.ifmo.ru
Yuueepcumem UTMO

B cmampve paccmompens mamemamuyeckue mooenu, WiHpoKo ucnonv3yemsie 0 RPOZHO3UPOBAHUS GETUYUUHDL YOEIbHOT
menjioemKocmu nPOOYKmMos RUManus, KaKk GyHKyuL ux memnepamypol. Yoenbnas menioemrkocms 3mo Koauiecmaeo nep-
2uu HeoOXo0umoe 0713 U3MEHEeHUs memnepamypvl npooykma na ooun zpadyc. Ee 3nanue neooxooumo ona onpeoenenus
meno6oii Hazpy3Ku npU NPOEKMUPOGARUYU 060PYO0SaAHUS U RPOYECCO8 6 nuLesoll npombiuiennocmu. IIpu memnepamype
6bllie MEeMNeEPamypsbl 3aMep3anus MAmeMamuieckas Mooenb RPeOCKA3aHUs Ha3bleAencs YOeibHOll MEeni0eMKOCHbIO.
Ilpu memnepamype Hudce memnepamypsl 3aMep3anua MoOelb HA3bI6ACMCA KAXNCYU el ca YOenbHASA MENA0EeMKOCbIO U3-
3a CKpbIMOoil Meniomol CORPANCEHHON C USMEHEHUEM AZPESanHOz0 COCIOAHUA. YOenbHas meni0emKocnby RPoOyKnog
RUMAHUA 3A6UCUIM OM UX COCMABA RuWU, CmpPyKmypol u memnepamypsl. Cyuiecmayiom mpu cnocooa noayuums OGHHble
00 y0envHOIl menioemKocmu: onyoIuKoGanHble UCIOYHUKU, NPAMOe UMEPEHUe 8 X00e IKCREPUMEHMA U NPOZHO3UPOSAHUE
¢ ucnonvsoeanuem ypasnenus. IlIpoznozuposanue yoenvnoii menioemkocmu npooyKmoe RUMAHUSA OCYWECHEIAN0CH RPU
nomowu mamemamuyeckux mooeneil. Mamemamuueckoe MoOenupoeanue 3mo IKOHOMUYHBLIL MENOO 011 onpedesenus
RPOZHO3UPYeMOIi YOeNbHOl menioemMKocmu npooyKkmoe numanus. O6viuno Imu mamemamuieckue Mooeiu 0CHOGHIEA-
omca na cocmaese nuwiu. Haubonee uacmo ucnonvzyemole 011 RPOZHO3ZUPOSAHUA MOOeu — IMo modenu Oxoca (1987)
u Illeapmudbepza (1976). Imu mamemamuueckue Mooei1u nepeckazbléaom YOeibHy0 meni0eMKocHy RPOOyKmoe numa-
HUA KaK Qynxkyuro memnepamypol. /[pyzue wiupoko ucnonsviyemole mooenu — mo mooenu Ceiiona (1892), Yena (1985)
u Xenvomana (1975). Mooenu Ceiiona (1892) u Xenvomana u Cunzxa (1981) ne nokaszviearom énusaHue memnepamypaol.

Knrouesvie cnosa: yaeibHasA TEIIOEMKOCTD, TEIUIOBAas Harpy3kKa, COCTaB IMHIIHU, TEMIIEPATYpa, MATEMAaTUICCKUE MOICIIN.
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Introduction

Thermo-physical properties of foods play a great role
in heat transfer calculations of food processing. Thermo-
physical properties of foods are included specific heat,
enthalpy, thermal conductivity, thermal diffusivity and
density. One of the most important thermo-physical properties
in food processing is specific heat. Specific heat is an essential
part of the thermal analysis of food processing or of
the equipment used in heating or cooling of foods. In designing
food processes and processing equipment, we need numerical
values for the specific heat of the food and materials to be
used [1]. The literature [2] specific heat is important
engineering properties of a material related to heat transfer
characteristics. The computation of refrigeration requirements
and freezing times can be done only when quantitative
information on food properties (specific heat) is available [3].
Specific heat data for different food materials below and above
freezing were given in Rahman (1995) and Singh (1995). A
vast amount of literature on specific heat of foods exists.
However, the data tend to be scattered, and the composition
and origin (variety, cultivar), processing conditions, and
structure of the foods are often not well documented. This
detracts from the value of the data [4]. Three ways to obtain
value data of specific heat of food such as published data
(literature), direct measurement (experiment) and predictive
equation (prediction).

Predicting and modeling of the specific heat of food
products was using mathematical models. Mathematical
modeling is the most effective and economical method
to determine such specific heat in food products (Sweat 1995).
There is now a large literature that presents empirical data of
specific heat of food, as well as literature on composition-
based approach to predict thermal properties of food [5, 6].
Therefore, a composition based prediction method was used
to obtain the specific heat of food models. A full understanding
and prediction of the specific heat of foods and their
dependence on composition, structure [4]. Specific heat of
solids and liquids depends upon temperature but are not
sensitive to pressure, as they are incompressible to all practical
purposes. The relevant parameters in calculating c, are
temperature, moisture content, and porosity for porous
materials [7]. Databases of specific heat of fresh and minimally
processed foods such as fruits, vegetables, grains, cereals,
meat and dairy products may be found in the literature [4,
8-11]. The ¢, unit is kJ/kg °C in the SI system.

The objective of this article was to review of the specific
heat of food models as functions of temperature.

Specific heat models

Specific heat is a measure of the energy required
to change the temperature of food by one degree. Therefore,
the specific heat of foods can be used to calculate the heat
load imposed on the refrigeration equipment by the cooling
or freezing of foods and beverages [8]. Specific heat is [3]
essential to determine the amount of energy required
in the process of heating or cooling in agricultural products
and [1] essential part of the thermal analysis of food
processing or of the equipment used in heating or cooling
of foods. The specific heat depends on the nature of
the process of heat addition in terms of either a constant
pressure process or a constant volume process. However,

because specific heats of solids and liquids do not depend
on pressure much, except extremely high pressures, and
because pressure changes in heat transfer problems of
agricultural materials are usually small, the specific heat
at constant pressure is considered (Mohsenin, 1980) [12].
For temperatures above freezing, the prediction of
the specific heat of food is relatively easy. If there is a phase
change, such as in freezing, then the latent heat involved
during the phase change must be incorporated. This is called
the apparent specific heat. Below freezing point
the calculation is more difficult.

The specific heats of foodstuffs depend very much
on their composition. Knowing the specific heat of each
component of a mixture is usually sufficient to predict
the specific heat of the mixture (Sweat, 1995) [12]. In
unfrozen foods, specific heat is relatively constant with
respect to temperature. However, for frozen foods, there is
a large decrease in specific heat capacity as the temperature
decreases [8]. The apparent specific heat is obtained by
differentiating the enthalpy of the frozen food (which includes
both latent and sensible heat) with respect to temperature [4].
Apparent specific heat increases dramatically near the initial
freezing temperature Heldman (1982). Composition data for
foods may be found in the literature [8, 13] and can be
obtained from sources such as Holland et al. (1991) and
United States Department of Agriculture (USDA) (1975,
1996).

Unfrozen food models

In unfrozen foods, specific heat is relatively constant
with respect to temperature. One of the earliest models
to calculate specific heat was proposed by Siebel (1892) as,
following equation for aqueous solutions such as vegetable
and fruit juices or pastes (fruits moisture content above of
50%,) [1, 9, 12, 14]:

¢,=0.837+3.349X,, )

where X, is the water content expressed as a fraction.
Charm (1971) suggested the following model [1, 9]:

¢,=2.093X+1.256X,+4.187X,, @)

where X is the mass fraction; and subscripts f'is fat, s is nonfat
solids, and w is water. Note that in Equation (2), the coefficients
of each term on the right-hand side are specific heat values
of the respective food constituents.

Heldman (1975) proposed an expression for heat-capacity
calculation of foods, based on the composition [12, 1, 15, 16]:

¢,=4.180 (0.34X,,+0.37X,+0.4X,+0.2X,+1.0X,), (3)

Heldman and Singh (1981) proposed the following
expression based on the components of a food product [1, 6]
(h — carbohydrate; p — protein; f— fat; a — ash; and w —
moisture):

¢, = 1.424X,+1.549X + 1.675X +0.837X,+4.187X,. (&)

Mohsenin (1980) proposed an equation valid for
the calculation of ¢, of meats, fruits, vegetables, and other
foods, which equals the sum of the specific heat of water c,,
and solid matter c,,, [9]:

c,=c, +(c, —c, )X, ®)

m



84

BECTHMK MAX N2 3, 2019

Specific heat equations for food components J/(kg-K)*
(—40<t<150°C)

No Cor];l;(c))(rilent Thermal Property Model

1 Protein ¢,=2.0082x10°+1.2089¢-1.3129x107#

2 Fat c[,=1.9842><103+ 1.4733¢—4.8008x10734

3 | Carbohydrate | c,=1.5488%10°+1.9625¢—5.9399x107#

4 Fiber ¢,=1.8459x10°+1.83061—4.6509x107#

5 Ash c[,=1.0926><103+ 1.8896¢—3.6817x10734

6 Water ° ¢,=4.0817x10°-5.3062¢+9.9516x10"'#

7 Water ¢ ¢,=4.1762x10°-9.0864x102t+5.4731x1073£
8 Ice Ci0e=2.0623%x10%+6.0769¢

9 Air¢ Cpmoist air = Cp dry air (178.37RH)

2From Choi and Okos (1986);

For the temperature range of —40°C to 0°C;
For the temperature range of 0 °C to 150 °C;
dRiegel (1992), (RH-relative humidity)

Rahman (1993) correlated the excess specific heat for
fresh seafood as

¢, =—33.77+85.58(X")—~53.76(X"). (©6)

In 1986, Choi and Okos developed specific heat of food
components water, protein, fat, carbohydrate, fiber, and ash
mathematical models for prediction of specific heat of these
food components as functions of temperature in the range of
—40 °C to 150 °C (table) [8, 12].

The specific heat of a food, at temperatures above its
initial freezing point, can be obtained from the mass average
of the specific heats of the food components. Choi and Okos
(1987) presented a comprehensive model to predict specific
heat based on composition and temperature. Their model is
as follows [1, 4—6, 8—10, 12, 15-18]:

c, = ZCI.xI., (7

where ¢; is the specific heat of the individual food components
and x; is the mass fraction of the food components.

A simpler model for the specific heat of an unfrozen food
is presented by Chen (1985). If detailed composition data are
not available, the following expression for specific heat of an
unfrozen food can be used [5, 8]:

¢, =4.19-2.30x, - 0.628x, ®)

where ¢, is the specific heat of the unfrozen food in kJ/ (kg-K)
and x, is the mass fraction of the solids in the food. Wallapapan
et al. (1983) recommend (when no other data are available and
only for estimation purposes of specific heat of food materials)
using the equations reported by ASHRAE as proposed by
Seibel (1892) [3].

¢, =0.200+0.008x,. )

Siebel’s equation is used by the ASHRAE in one of
the most comprehensive tabulated values for specific heat of
foods model [10]. Seibel’s equations have been found to agree
closely with experimental values when M > 0.7 [10], the specific
heat of fruits M > 0.5 is used by Siebel (1982) model [14].
Specific heat of these food components, such as water, protein,
fat, carbohydrate, fiber, and ash model developed by Choi and
Okos (1986) are the lowest prediction error. Values for ¢,
calculated using Choi and Okos’ (1987) correlations, are
generally higher than Siebel’s equations (M > 0.7). Choi and

Okos’ correlation is more accurate at low moisture contents.
Choi and Okos’ correlations are more accurate at low moisture
contents and for a wider range of product composition (Macovei,
2000; Onita, 2004) [19]. Gratdo and others (2004) used the Choi
and Okos’ model to predict specific heat of unfrozen passion
fruit juice of various water contents at two temperatures and
found the maximal % error to be 3.24%. Pham (1996) compared
specific heat values provided by the Choi and Okos’ model
to those in literature for unfrozen meat, fish and vegetables.
Based on his analysis, the correlation between measured values
and predicted values was 0.6, with 3.3% average % error.
However, in Pham’s analysis, the maximal % error was 16%,
indicating that the model might have large deviations when
applied to specific food products. Singh (1981) could predict
the specific heat of food reasonably well. Heldman & Singh
model could predict the heat capacity of Cheddar cheese
reasonably well with deviations of approximately 3.5% [6].
Standard error of estimation (SEE) of Choi and Okos’ (1987)
and Heldman & Singh models are 0.110 and 0.126 at temperature
20 °C (Hanan H. Hamid et al.) [16].

Frozen food models

During the freezing process, water changes gradually
from the liquid phase to solid ice. Since the properties of ice
are different from those of liquid water, the properties of food
determined at temperatures above freezing are often not valid
for subfreezing conditions. The most dramatic change in these
properties is observed at temperatures close to the freezing
point. Therefore, the determination and modeling of specific
heat of foods under frozen conditions requires explicit
knowledge of the state of water in the foods [4]. The reason for
the lower values of ¢, below freezing is that the specific heat
of ice is about one half of that of the liquid water. This also
partly explains the higher thawing times of foods as compared
to their freezing times [12]. Below the food’s freezing point,
the sensible heat from temperature change and the latent heat
from the fusion of water must be considered. Because latent
heat is not released at a constant temperature, but rather over
arange of temperatures, an apparent specific heat must be used
to account for both the sensible and latent heat effects [8].

Siebel (1892) also suggested the following equation for
food materials below their freezing point [12]:

¢, =0.837+1.256X), (10)

where X is the mass fraction of moisture within the sample
and specific heat, and c, is given in kJ/ (kg- K).

A common method to predict the apparent specific heat
of foods is (Schwartzberg 1976) [4, 5, 8]:

c,=c, +(x,—x,,)Ac+
R-T?

o —O.8Ac}, an

M T?

+E-x, |:
where ¢, is apparent specific heat, ¢, is specific heat of food
above initial freezing point, x, is mass fraction of bound water,
x,, 1s mass fraction of water above initial freezing point,
0.8=constant, Ac is difference between specific heats of water
and ice=c,, — ¢, E is ratio of relative molecular masses of
water M,, and food solids M, (E=M, /M), R is universal gas
constant=38.314 kJ/ (kg mol-K), 7, is freezing point of
water=273.2 K, M,, is relative molecular mass, kg/kmol, ¢ is

food temperature, °C.
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The specific heat of the food above the freezing point
may be estimated with Equation (7) or (8). Schwartzberg
(1981) developed an alternative method for determining
the apparent specific heat of a food below the initial freezing
point, as follows [4, 5, 8]:

Lo(tu _t/)

c,=¢c,+t (X, — xb)|::|’ (12)

t —t

o

where c¢,=specific heat of fully frozen food (typically
at—40°C), ¢,=freezing point of water=0°C, ¢~=initial freezing
point of food, °C, t=food temperature, °C, L ,=latent heat of
fusion of water=333.6 kJ/kg.

A slightly simpler apparent specific heat model, which
is similar in form to that of Schwartzberg (1976), was
developed by Chen (1985a). Chen’s model is an expansion of
Siebel’s equation (Siebel 1892) for specific heat and has
the following form [4, 5, 8]:

.72
ca:155+126%4¥§572, (13)

K

where ¢, =apparent specific heat, kJ/ (kg-K), x,=mass fraction
of solids, R=universal gas constant, 7,=freezing point of
water=273.2 K, M,=relative molecular mass of soluble solids
in food, t=food temperature, °C.

When calculating the calculated specific heat of
the frozen food c,,, it is necessary to take into account
the amount of water changes gradually from the liquid phase
to solid ice, the specific heat of ice ¢;. For frozen food, c,, has
the following form [17, 18]:

¢ =, W (1—0)+cWot ¢, (1-W). (14)

The moisture content of food products is between 0.50
and 0.96 the apparent specific heat can be computed as [20]:

¢, =1465.4+1482.7 (W,— W), (15)

where I, is the initial moisture content of food product, %,
W — the lowest initial moisture content in the food products
(W=50%).

Another simple method can be used to determine specific
heat [4]. This method is based on the relationship between
specific heat and enthalpy and uses enthalpy data for
determining specific heat. From this enthalpy data,
the apparent specific heat at a given temperature can be
determined using following Equation:

c= 1 M (16)
p T-40

Since for most practical food applications, H 4, is

assumed as zero, the above equation simplifies to [4]:
1 H,

C:E.T_A].O. (17)

Wallapapan et al. (1983) recommend (when no other data
are available and only for estimation purposes of specific heat
of food materials) using the equations reported by ASHRAE
as proposed by Seibel (1892) [3].

¢,=0.200+0.003x,. (18)

Apparent specific heat model of Schwartzberg (1976)
performed best. The two models by Schwartzberg (1976, 1981)
performed similarly, exhibiting average absolute prediction

errors of approximately 20% with large standard deviations
of approximately 25%. The method by Chen (1985a) produced
a slightly larger average absolute prediction error of 20.5%
with a standard deviation of 25.6%. Of the three equations
tested, the equation of Chen (1985a) is the easiest to use,
although it produced the largest average absolute prediction
error (Bryan R. Becker et al) [8, 21].

Multifunctional models

Specific heat of food was determined by using
experimental data of thermal conductivity, thermal diffusivity
and density (Hobani, Tolba 1995) [22]:

A
c=—o,
p-o

(19)

where: ¢ — specific heat (J/kg °C); o — thermal diffusivity
(m?/s); p— bulk density (kg/m?).

Conclusion

In most food processing applications, we use specific
heat at constant pressure specific heat (c,), because of pressure
changes in heat transfer problems of agricultural materials
are usually small. Specific heat is one of the useful properties
of the engineering and design of food processing devices.
Prediction of the specific heat of food model is dependence
on composition, structure and temperature. Seibel (1892) and
Heldman and Singh (1981) models do not show the effect of
temperature. The most widely used predicting the specific
heat of food models are Choi and Okos (1987) and
Schwartzberg 1976. Other widely used predicting
the mathematical models are Seibel (1892), Chen (1985) and
Heldman (1975).
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18-a MexayHapogHasi BbiCTaBka 060pygoBaHnst U TEXHOOTUN
O51s MOSTOYHOrO NPOU3BOACTBA

DairyTech | Dairy & Meat 2020

18-21 cheBpansa 2020 r.

MexgyHapogHasi BbiCcTaBka 060py,CI,OBaHVIF| W TEXHONOrMn Ana XMBOTHOBOACTBA,

MOJIOYHOIO " MACHOro

nponsBoacTB «DairyTech | Dairy & Meat 2020» — 370 Bepywiee OGU3HEC-MepONpUATME, AEMOHCTPUPYOLLEe
obopyoBaHME W TEXHOMOIMW [Afsi arponpOMbILLIIEHHOrO MNPOU3BOACTBA MOMHOMO LUMKNa: OT  penpoayKumu
NNeMEHHbIX XMBOTHbIX, MX BblpallMBaHUS, coOepXaHus M OTKOopMa A0 nepepaboTkym U ynakoBKM MpodyKumm
XXMBOTHOBOACTBA: KaK A5151 MONIOYHOW MHOYCTPUK, TaK 1 ANSA MSICHOWN.

PA3LEJbl BbICTABKMW:

o

O6opyaoBaHWe U TEXHONOMMK AN1S1 BblpalMBaHWS Y COOEPXKAHUS CENbCKOXO3ANCTBEHHbIX XKUBOTHbIX;
O6opyaoBaHNe U TEXHONOMM A1 NPOM3BOACTBA MOSIOKa Y MOSTOYHOM NPOAYKLMU;
O6opynoBaHve Ans NPOU3BOACTBA U PO3NMNBA HANWUTKOB.
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OpraHusatop BbicTaBku: ITE Mocksa
+7 (499) 750-08-28, 750-08-30
md@ite-expo.ru

www.ite-expo.ru

MecTo npoBeaeHun:

Poccusa, Mocksa, MBL, «Kpokyc Okcno»,
naBunboH 1

http://www.crocus-expo.ru




