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MRI Temperature Mapping and Determination
of Liquid-particulate Heat Transfer Coefficient
in an Ohmically Heated Food System
X. YE, R. RUAN, P. CHEN, C. DOONA, AND I.A. TAUB

ABSTRACT: Real-time temperature maps of ohmically heated liquid-particulate mixtures were acquired using the
Proton Resonance Frequency (PRF) shift method incorporated into a fast Magnetic Resonance Imaging (MRI).
Noise in the MRI images induced by the electrical heating power was eliminated by a post-processing algorithm
of the PRF shift method and correction phase images. The time-dependent interface heat transfer coefficients
(hfp) were determined during the holding period using the MRI temperature maps and numerical solutions to the
Fourier’s 2nd law. The calculated values of hfp range from 30 to 105 W/m2.K, consistent with literature values for
natural convection. These results  provide crucial data for understanding the ohmic heating process.

Keywords: MRI, temperature mapping, PRF shift, ohmic heating, heat transfer coefficient

Introduction

THE UNIQUE INTERNAL HEAT GENERATION OF

ohmic heating shows promise for qual-
ity preparation of liquid-particulate foods.
However, this uniqueness also makes diffi-
culty for the understanding of the ohmic
heating process. The commercialization of
the ohmic heating technology depends in
part on the development of adequate safe-
ty and quality assurance protocols in order
to obtain an approved filing of the process
with the FDA. One critical component in
understanding the process lies in the devel-
opment of mathematical models, which can
then be used to simulate various effects of
critical factors, such as the electrical con-
ductivity of the materials and the liquid vis-
cosity, and to guide the process design and
quality control. Currently, existing models
are limited to specific conditions, due to a
lack of the understanding of the tempera-
ture distribution and thermal interactions
within the system. In the current models
(Fryer and others 1993; Sastry and  Li 1996;
Orangi and others 1998), the effect of con-
vection at the liquid-particulate interface is
over-simplified, but the accurate determi-
nation of the fluid-particulate convective
heat transfer coefficient has been a chal-
lenge faced in the processing of foods con-
taining particulates (Bhamidipati and oth-
ers 1995). This heat transfer coefficient (hfp)
is often calculated with an empirical corre-
lation between dimensionless numbers.
This approach is obviously restricted to the
range of conditions for which the correlation
was determined and to the design charac-
teristics of the heating system (Anan-

theswaran and others 1985; Merson and Sto-
foros 1990). Other methods for the calcula-
tion of the heat transfer coefficient involve
fitting the process equations to the experi-
mental data, with hfp being the only factor
to be determined by regression. Previous
research in mass transfer (Azevedo and oth-
ers 1998) concluded with statistical certainty
that if both the internal and external heat
transfer parameters (both hfp and the ther-
mal diffusivity a) are determined jointly by
experimental data, the errors will likely be
very large and a strong collinearity between
the parameters will prevent a minimally rea-
sonable estimate of the parameters. An ex-
ception may occur in a relatively narrow in-
termediate range of the Biot number, where
the internal and external resistance is bal-
anced. Therefore, the internal heat transfer
must be well determined by previous data
before the calculation of the external coeffi-
cient.

The application of Magnetic Resonance
Imaging (MRI) techniques in food engineer-
ing research enabled noninvasive spatial
temperature mapping (Schrader and others
1992; Sun and others 1994; Hulbert and oth-
ers 1995), providing a powerful tool to study
heat transfer in food and biological systems.
When MRI techniques are applied to the
ohmic heating process, 2 concerns were
raised by peers: (1) long data acquisition
times make the techniques unsuitable for a
dynamic process like ohmic heating; (2) the
electrical heating power has to be interrupt-
ed during the data acquisition due to its in-
terference with the magnetic field, other-
wise inaccurate temperature maps will be

obtained. Ye and others (2002) acquired
temperature maps of ohmically heated
whey gel and brine using the proton reso-
nance frequency (PRF) shift method incor-
porated into MRI phase imaging. The fast
imaging sequence in the study rendered
temperature maps with a spatial resolution
of 0.94 millimeters and a temporal resolu-
tion of 0.64 s. However, the power was still
disconnected for about 3 s during data ac-
quisitions.

The objectives of this work are: (1) to ob-
tain 2-dimensional temperature maps of
ohmically heated food materials using the
PRF shift method without disconnecting the
electrical heating power; (2) to estimate the
fluid-particulate heat transfer coefficient in
a static ohmic heater during the holding
period from the temperature maps.

Materials and Methods

Materials
The experimental set-up is shown sche-

matically in Figure 1. Two sample systems
were prepared, with each consisting of a cy-
lindrical heating device, a cylindrical potato
particle, and a salt solution with sodium car-
boxymethylcellulose (CMC). The ohmic
heating device of sample nr 1 consisted of a
Plexiglas vessel with an inner dia of 43 mm
and a nylon stopper at each end. A 40-mm
dia stainless steel electrode was fixed to
each of the stoppers and connected to the
power supply. The distance between the 2
electrodes was 305 mm. A small hole was
drilled in the vessel for injection of the fluid
and for pressure release during heating.
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The heating vessel of sample nr 2 was made
of a clear PVC tube with an inner dia of 63.5
mm. A 60-mm dia stainless steel electrode
was fixed to each of the nylon stoppers of
sample nr 2. All other dimensions were the
same as sample nr 1.

Salt solutions with CMC were prepared
overnight using a hot plate magnetic stirrer.
The CMC and NaCl powders were added
gradually to a measured amount of water
and heated while being continuously stirred
to avoid clumping. For sample nr 1, the con-
centration of NaCl and CMC was 0.2% (w/w)
and 1.2% (w/w), respectively. For sample nr
2, the concentration of NaCl and CMC was
0.5% (w/w) and 0.7% (w/w), respectively.
These levels of salt and CMC were chosen in
order to see their effects on the differential
heating between the liquid and the solid
phases and on the interface heat transfer.
Two cylindrical potato particles were fresh-
ly cut from Russet potatoes immediately
before the experiment and put in the mid-
dle of each heating vessel. The dimension of
the potato particle was 70 mm (length) � 22
mm (dia) for sample nr 1 and 75 mm
(length) � 25 mm (dia) for sample nr 2. The
fluid was then injected through the small
hole into the vessel. Due to the higher den-
sity of the solutions, the potato particles
floated on the surface of the fluids. The ap-
plication of an AC power supply with a con-
stant voltage of 120 V and a frequency of 60
Hz ohmically heated the food systems.

MR Imaging
A volume birdcage radio frequency (RF)

coil that fitted the configuration of each
heating vessel was used as both an RF trans-
mitter and MR signal receiver. A thin tube
containing an agar gel was inserted between
the ohmic heating vessel and the RF coil. The
tube was thermally insulated by Styrofoam so
that the phase change of MRI images in-
duced by sources other than the tempera-
ture change will be revealed by the phase
images in the agar gel. Two-dimensional MR
imaging was performed using a 4.7 Tesla SIS-
CO scanner (Varian, Palo Alto, Calif., U.S.A.)
with a 330 mm dia bore at the Center for
Magnetic Resonance Research at the Univ. of
Minnesota. The PRF shift method was incor-
porated into a Fast Low Angle SHot (FLASH)
sequence (Ishihara and others 1995) to
achieve a rapid image acquisition. This
method exploits the temperature depen-
dence of the proton resonance frequency
(PRF) shift and the PRF shift can be manifest-
ed through MR phase images. A detailed re-
view about the PRF shift method can be
found in Ye and others (2002). The schematic
diagram of the imaging sequence used for
this study is shown in Figure 2.

Transverse images were obtained using
the following imaging parameters: repetition
time TR = 10 msec; echo time TE = 4.6 msec;
flip angle FA � 12°; slice thickness = 3 mm;
and image matrix size = 64 � 64. The only
difference between the imaging sequences
applied to the 2 samples was the field of
view (FOV), which was 60 mm � 60 mm for
sample nr 1 and 80 mm � 80 mm for sample
nr 2. Therefore, the temporal resolution
(data acquisition time for one temperature
map) was 0.64 s for both samples. The spa-
tial resolution of the temperature maps was
0.94 mm for sample nr 1 and 1.25 mm for
sample nr 2.

The reference images were scanned after
the sample systems had equilibrated to
room temperature (20.5 °C). Three images

were obtained at room temperature and their
phase images were averaged and used as
the reference phase image. For sample nr 1,
the images were acquired, without discon-
necting the electrical power, every 5 min un-
til 55 min after switch-on of the heating pow-
er. Then the ohmic heating was stopped to
simulate a holding period. MRI images were
also acquired every 5 min until 50 min after
the heating was stopped. For sample nr 2,
data were collected, without disconnecting
the power, at 5, 10, 15, 20, 23, 25, 27, and 29
min after the switch-on of the power. The
heating was stopped at the last point, again,
to simulate a holding period. During the
holding period, sample nr 2 was imaged ev-
ery 2.5 min until 50 min after the heating
was stopped.

Figure 1—Schematic diagram of experimental set-up

Figure 2—Schematic diagram of the imaging sequence
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Processing of the temperature
maps

The temperature sensitivity of the PRF
was first observed by Hindman in 1966
(Hindman 1966). The fractional change of
water proton resonance frequency (��/�)
with temperature is defined as �. It is also
referred as proton chemical shift or PRF
shift. Mathematically,

(1)

where �T is the temperature change. Ex-
perimentally, d has been determined as –
0.01 ppm/°C in water (Hindman 1966). It is
generally assumed that the water PRF
shift to lower frequency with higher tem-
perature is caused by rupture, stretching,
or a small amount of bending of the hydro-
gen bonds (Muller and Reiter 1965; Hind-
man 1966). This means a reduction in the
average degree of association of water mol-
ecules, and these shifts are evidence of an
increased average shielding constant of
the protons (Ishihara and others 1995).
The proton resonance frequency shift im-
aged at a static field strength B0 after hav-
ing undergone a temperature change of �T
is:

(2)

where � is the gyromagnetic ratio of the pro-
ton. This frequency change manifests as a
phase change when imaged with a gradi-
ent-echo sequence having an echo time
TE. This phase change ��  can be ex-
pressed as:

(3)

The phase image �(x,y) can be calculated
from the acquired complex data of the MR
image using Eq. 4:

(4)

where Im(x,y) and Re(x,y) are the imaginary
and real part of the complex MRI data, and
x and y denote the image pixel numbers.

To use the PRF shift technique to map
temperature, a reference phase image is
first acquired at a known temperature, and
that reference is subtracted from subse-
quent phase images taken as the tempera-
ture changes. Temperature maps are ob-
tained based on the reference temperature
and the echo time TE of the image se-
quence according to Eq. 3.

All of the MR image reconstruction and
post-processing were performed off-line on
a SUN Ultra 10 workstation (SUN Microsys-
tems, Mountain View, Calif., U.S.A.) and a
PC computer. The processing details can be
found in Ye and others (2002). Those exper-
iments entailed disconnecting the electrical
power during imaging. One improvement
in the present experiments is that the heat-
ing power was not disconnected, as shown
below. Although the built-in filter of the im-
ager successfully eliminated most of the
noise due to the electrical power, there were
still some stripes of noise on the regular MR
images. After processing the data, no obvi-
ous noise could be discerned in the phase
difference images and the temperature
maps because the PRF shift method calcu-
lates the relative temperature from the
phase difference and the noise cancelled
when the subsequent phase image was sub-
tracted. The electrical current passing
through the food systems changed due to
the change in electrical conductivity of the
food materials with temperature. This
change might have induced a shift in the
local magnetic field (B0), which in turn
would affect phase images. The agar gel was
used as a reference to compensate for the

phase change due to the B0 shift. Because
the tube was thermally and electrically insu-
lated, any change of phase induced by a
source other than temperature change
would be reflected in a phase change in the
agar gel. Therefore, the phase change in the
agar gel was subtracted from the corre-
sponding phase difference image to accu-
rately map temperature.

Determination of the convective
heat transfer coefficient

In this study, a modeling procedure with
a numerical solution was used to match the
calculated temperature distribution with
that measured with MRI. Such a noninvasive
procedure together with a finite-element
method is especially useful for modeling
the heating of a liquid-particulate mixture
with irregular particulate shapes.

To simplify the calculation, this study
determined the heat transfer coefficient
during only the holding period, which in-
volved mainly natural convective heat
transfer. With the knowledge of the electri-
cal conductivity and its temperature depen-
dence of the food materials, the procedure
used in this study can be easily adapted to
determine hfp during the ohmic heating
period. The geometry for the potato sam-
ples was drawn in MATLAB according to the
corresponding MRI images. Figure 3 shows
the geometry and mesh of the 2 samples
used in the modeling.

The governing equation is the Fourier’s
second law without internal heat generation
applied to the cylindrical potato particle:

(5)

The convective heat transfer between the
fluid phase and the solid phase is the re-
quired boundary condition and is given by:

(6)

where �p is the density of the potato parti-
cle, CP is specific heat of the particle, Tp is
the particle temperature that is both time
and location dependent, t is time, kp is the
particle thermal conductivity, and Tf the flu-
id temperature. The subscript “s” in Eq. 6
stands for surface. In most cases reported in
the literature, a constant fluid temperature
was considered (Maesmans and others
1992). In this study, the actual time-tem-
perature profile obtained from MRI temper-
ature mapping was used as a time-depen-
dent boundary condition. An exception was
granted to boundary A in sample nr 2 (Fig-
ure 3) where an adiabatic condition was as-Figure 3—Geometry and mesh of the 2 potato samples in MATLAB
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sumed. In sample nr 2, due to the leaking of
the fluid, the top part of the potato particu-
late was not immersed in the fluid. There-
fore, this part of the potato was cut off at the
boundary A, and it was reasonable to as-
sume an adiabatic boundary condition at A
because only slow conduction heat transfer
actually took place at boundary A. By vary-
ing hfp, an computationally intensive opti-
mization algorithm was employed to mini-
mize a function f(hfp) defined as the sum of
the squared differences between the tem-
peratures calculated by the model and
those obtained with MRI temperature map-
ping:

(7)

where i is an index corresponding to the pix-
els in the potato image. The average hfp over
a time period was determined as the hfp val-
ue that minimized the function f(hfp).

The partial differential Eq. 5 and 6 was
solved in the PDE Toolbox (version 1.0.3) of
MATLAB (version 6.0, The Mathworks, Inc.
Natick, Mass., U.S.A.). The PDE Toolbox uses
the finite element method to solve partial
differential equations by incorporating the
powerful Delaunary triangulation algorithm
to generate unstructured meshes for the
specified geometries, and then solves for
these meshes. The time-stepping algorithms
in MATLAB uses automatic time step control
so that the convergence criteria (0.001 K in
this study) is satisfied, but the users can
specify certain times for which the solution
must be calculated and stored. In this study,
the model temperature at the end of each 5-
min interval was calculated and stored. The
results for the elements were interpolated
into a finite difference scheme by using a
built-in function “tri2grid” in order to be com-
pared with the corresponding MRI tempera-
ture maps. The physical properties of the
potato particles used in the calculations were:
density �p = 1030 kg/m3; specific heat
Cp = 3795 J/kg.K; thermal conductivity
k = 0.66 W/m.K. (Gratzek and Toledo 1993;
Awuah and others 1996)

Results and Discussion

MRI temperature maps
The MRI temperature maps of the sam-

ples at selected times during ohmic heating
and holding period are shown in Figures 4(a)
and (b). The MRI slice is 2-dimensional in
the x-y plane and the temperature is project-
ed in the z-axis to generate a 3-D image. The
64 � 64 pixels of the temperature maps show
the details of the temperature distribution
since every pixel represents a temperature
value at that location. In addition, the maxi-

mum phase change in the agar gel is 0.0647
radians, which correspond to a temperature
change of less than 1.2 °C, indicating that the
effect of the B0 shift was not significant.

Sample nr 1 had a NaCl concentration of
0.2% and the maps show that the fluid
phase heated up just slightly faster than
the particulate phase. Importantly, the MRI
maps show that the cold spot in the potato of
sample nr 1 was not located at the center. At
a NaCl concentration of 0.5%, the fluid
phase in sample nr 2 heated so much faster
than the potato particle that the average
temperature of the fluid was about 17 °C
higher than that of the potato particle 25
min after switch-on of the power.

The cylindrical potato particles floated
on the fluids due to their lower densities.
The top edge of the particles in contact with

the heating vessel wall heated slowly be-
cause of the absence of conductive fluid.
This was even more obvious for sample nr 2,
in which some fluid leaked out of the heat-
ing vessel. We can postulate that the electri-
cal current density in the fluid surrounding
the potato particle (Zone A, Figure 5) was
higher than that in other regions (Zones B
and C, Figure 5) within the system because
the electrical current was “diverted” to the
fluid when the fluid phase had a higher
electrical conductivity than the solid phase.
This resulted in a faster heating around the
particle, as is evident from the first 2 tem-
perature maps of each sample. This obser-
vation supports the application of Laplace
equation to model the electric field during
ohmic heating, as suggested by de Alwis
and Fryer (1990):

Figure 4—(a, top) Temperature maps of sample nr 1 at selected time points.
‘H’ denotes holding period; (b, bottom) temperature maps of sample nr 2 at
selected time points. ‘H’ denotes holding period.
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(8)

where V is the applied voltage, � is gradient,
�i(T) is electrical conductivity of phase i
which can take on different values for the
particulate (p) and fluid phase (f) and is a
function of temperature. Laplace equation
was derived from Ohm’s law and the equa-
tion of continuity. It models the electrical cur-
rent flow as curved lines according to the
electrical conductivity distribution of the food
materials; thus the electrical current will be
“diverted” from the potato to the fluid if fluid
phase has a higher electrical conductivity
than the solid phase, resulting in a nonuni-
form distribution of the current density and
a consequent nonuniform heating rate. A
numerical simulation using Laplace equa-
tion was conducted in MATLAB for the same
geometry as the experiment in the study and
the result is shown in gray scale in Figure 5.
The constant electrical conductivity values
used in the simulation were 1.3 S/m for fluid
and 0.037 S/m for potato and these values
were taken from Kim and others (1996). The
simulation shows that when the potato par-
ticle has a lower electrical conductivity than
the fluid, there exits a high electrical density
zone around the particle, consistent with the
MRI temperature observations.

To be able to model an ohmic heating
process, the coupled partial differential
equation system of Laplace equation and
the Fourier’s equation with internal heat
generation must be solved simultaneously.
Because the 2 equations are coupled
through temperature (T), it is critical to ob-
tain values of electrical conductivity as func-

tion of temperature. Unfortunately, only
sparse and inconsistent data are available
in the literature for this important property.
It is a great interest to investigate the elec-
trical conductivity and its temperature de-
pendence for the ohmic heating research.
An agreement that can be found in the lit-
erature (Halden and others 1990; Palaniap-
pan and others 1991a, b; de Alwis and Fryer
1992) is that the electrical conductivity of
potato experiences a sharp upturn when the
temperature of potato reaches approxi-
mately 320 K. With the increase of the sam-
ple temperature, the electrical conductivity
of potato would catch up with that of the
fluid, alleviating the above current channel-
ing effect. From the maps for the holding
period, we can see that the temperature
changed slowly, indicating a small heat
transfer rate within the 2-phase systems.

Fluid-particulate heat transfer
coefficient

Figures 6(a) and (b) present the calculat-
ed heat transfer coefficients (hfp) over 5-
min intervals during the holding period for
the 2 samples. The results fall into the range
of the literature values (Maesmans and oth-
ers 1992) for natural convection conditions.

The effect of the fluid relative viscosity
(“viscosity” is inappropriate per se, because
CMC solutions exhibit non-Newtonian be-
havior) on hfp was pondered. Generally, the
relative viscosity of CMC solutions increases
with the increasing CMC concentration and
the decreasing temperature (Gomez-Diaz
and Navaza 2002). Sample nr 2 had a higher
interface heat transfer rate than sample nr

1 due to its lower viscosity and the larger
temperature difference between the 2
phases. A similar trend for the 2 samples
that can be observed from the figures is that
the hfp value decreased sharply during the
first few min of the holding period and then
leveled off. The physical explanation for
this observation may be that fluid flow exist-
ed immediately after the ohmic heating
power was disconnected, because the fluids
were heated to nearly boiling (the fluid tem-
perature reached about 95 °C). As time
passed, the effect of the fluid flow faded
out, resulting in smaller hfp values. As the
samples cooled, the relative viscosity of the
fluids increased and the temperature dif-
ference between the 2 phases decreased,
resulting in a smaller and less variable heat
transfer coefficient. The observation of this
viscosity effect is consistent with the litera-
ture (Maesmans and others 1992). Other
factors, such as density, specific heat, and
thermal conductivity of the potato, might
also be function of temperature but were
simplified as constants in this study. This
simplification apparently affected the accu-
racy of the hfp estimation. However, the
temperature dependence of these proper-
ties is a rather weak function as shown in
Rahman (1995). Simulation in MATLAB us-
ing 3515 J/kg K instead of 3795 J/kg K as the
value of the potato specific heat for sample
nr 1 resulted in an under-estimation of the
hfp values by less than 3 W/m2.K.

It might be thought that the instanta-
neous values of the hfp could be ap-
proached if we could acquire MRI tempera-
ture images at smaller time intervals. This
would imply determining values of hfp out of
very small heat fluxes in the numerical sim-
ulation, corresponding to the incremental
time stepping into which the domain is dis-
cretized by the numerical procedure. The
resulting situation is similar to the difficul-
ty of trying to solve Eq. 5 and 6 for small
temperature gradients—if �t or �T is very
small, the error of determination of hfp will
be high. Moreover, a convergence may not
be achieved for the iterative computation if
the time interval is too small. Therefore, an
increment of 5 min was used for both sam-
ples. The calculated hfp values are thus the
average heat transfer coefficients over the
5-min intervals. In most cases reported in
the literature, temperature measurements
at the center of a particle were used to cal-
culate hfp and the assumption of a well-de-
scribed conduction heat transfer within the
particle was required. In this study, the tem-
perature profiles of nearly the entire do-
main of the particles were taken into con-
sideration, resulting in a more reasonable
estimate of hfp.

Figure 5—Simulation of electrical current density distribution using Laplace
equation
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Conclusions

TEMPERATURE MAPS OF OHMICALLY HEATED

food systems can be obtained, without
disconnecting the electrical heating power,
using the PRF shift method. The processing
algorithm of the PRF shift method can elim-
inate the noise induced by the electrical
power. The observations from the tempera-
ture maps support the application of
Laplace equation to model the electric field
during ohmic heating.

The MRI temperature maps together
with the numerical solutions to the Fourier’s
2nd law can be used to estimate the time-
dependent interface heat transfer coeffi-
cients during the holding period. With more
knowledge about the electrical conductivi-
ty and its temperature dependence of the
food materials, this procedure can easily be

adapted to determine hfp during the ohmic
heating period. The calculated heat trans-
fer coefficients ranges from 30 to 105 W/m2.K,
which is consistent with the literature values
for natural convection. It was found that the
heat transfer coefficients decreased sharply
during the first few min of the holding peri-
od and then leveled off, decreasing only
slightly. It was also observed that the sam-
ple with a lower fluid relative viscosity has a
larger interface heat transfer coefficient
comparing with the sample with a higher
fluid relative viscosity.
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Figure 6—(a, top) Calculated heat transfer coefficients for sample nr 1; (b,
bottom) calculated heat transfer coefficients for sample nr 2




