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 This study evaluates magnetic nanoparticle hyperthermia for treating peritoneal metastasis, 

focusing on the effect of ascitic fluid and convection on tumor heating and healthy tissue. 

Magnetic nanoparticles (MNPs) were applied to raise tumor temperature to 42–46°C under 

an alternating magnetic field. Finite element simulations were used to calculate magnetic field 

distribution (Maxwell’s equations), heat generated by MNPs (Rosensweig model), 

temperature in the tumor and surrounding solid tissue (Pennes bioheat equation), and fluid 

temperature and convection in the peritoneal cavity (Navier–Stokes equations). Induction 

heating in the tumor was unaffected by ascitic fluid, though overall heat in the peritoneal 

cavity increased. Heat generated by MNPs was lowest at the tumor center and highest near 

the surface, with ascitic fluid enhancing heat production. Tumor temperature reached 45–

46°C without ascitic fluid but decreased to 43–44°C when convection was present. Healthy 

tissue temperature remained below 44.2°C in both scenarios. Convective cooling in the fluid 

was the dominant factor influencing temperature distribution, causing non-uniform heating 

within the tumor. Conclusion: Magnetic nanoparticle hyperthermia effectively targets tumor 

tissue while protecting healthy tissue. The presence of ascitic fluid significantly alters 

temperature distribution through convection, highlighting the importance of considering 

fluid dynamics in treatment planning. 
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1. Introduction 

Cancer is a leading cause of death globally, and 
its incidence is rising at an alarming rate. This 
complex disease occurs when abnormal cells 
multiply uncontrollably in the body [1, 2]. These 
cells have the ability to invade surrounding 
tissues and spread to other areas of the body via 

the bloodstream or lymphatic system, a process 
known as metastasis. When cancer is described 
as aggressive, it means that the cancer cells have 
infiltrated nearby tissues or other organs, 
resulting in the formation of metastatic tumors 
[3, 4]. Peritoneal metastasis usually begins with 
cancers of other organs, such as the gastric, 

https://jhmtr.semnan.ac.ir/
https://portal.issn.org/resource/ISSN/2383-3068
mailto:mht@basu.ac.ir
https://doi.org/10.22075/JHMTR.2026.37513.1732
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0009-0007-0545-5660
https://orcid.org/0000-0002-4829-8913
https://orcid.org/0000-0001-7126-0393
https://orcid.org/0000-0001-5156-4074


Ranjbaran et al. / Journal of Heat and Mass Transfer Research 13 (2026) 423 - 438 

424 

intestines, uterus, ovaries, or esophagus, and 
then spreads to the peritoneal cavity. Peritoneal 
cancer can occur anywhere in the abdomen and 
affects the outer surface of any of the abdominal 
organs. Metastasis is a process that propels 
cancer into more advanced stages, making its 
treatment considerably more challenging. In 
comparison to gastric cancer treatment, 
managing peritoneal metastasis is far more 
complex due to the widespread dispersion of 
cancer cells within the peritoneal cavity. As a 
result, the likelihood of successfully treating 

peritoneal metastasis is much lower than that of 
gastric cancer [5, 6]. Figure 1 shows peritoneal 
metastasis. 

In most patients with peritoneal metastasis, 
abdominal ascites also develops. Ascites refers to 
the accumulation of fluid in the peritoneal cavity. 
It can be caused by various factors, including liver 
diseases, peritoneal metastasis, and 
gastrointestinal cancers. Furthermore, the 
implantation of cancer cells in the peritoneum 
stimulates the production and secretion of ascitic 
fluid [7]. 

 
Fig. 1. Peritoneal metastasis 

Common approaches to cancer treatment 
include chemotherapy, radiotherapy, and 
surgery, which are often used in combination for 
patients. The best cancer treatment method is 
one that specifically targets cancer cells (tumors) 
and prevents damage to healthy tissues (a non-
offensive method). However, in conventional 
methods, this goal has not been fully achieved, 
and healthy tissues are also affected. One of the 
new and non-invasive cancer treatment methods 
is hyperthermia, which has recently been 
approved. In this method, by controlled heating 
of the tumor tissue to a temperature range of 42-
46°C, cancer cells are destroyed. Today, 
hyperthermia has found extensive and diverse 
applications in the medical field as a 
complementary method alongside conventional 
cancer treatments [8, 9]. 

In hyperthermia therapy, heat can be 
produced through various techniques. One 
effective approach involves the use of magnetic 
nanoparticles (MNPs) in conjunction with an 
external alternating magnetic field (AMF) applied 

to the targeted region. In this method, the MNPs 
serve as localized heat sources, raising the 
temperature within the tumor tissue. Accurately 
analyzing the heat and temperature distribution 
in both the tumor and the surrounding healthy 
tissues is essential. Several key factors directly 
impact the efficiency of this process, including the 
frequency, intensity, and spatial distribution of 
the magnetic field generated by the induction 
coil; the physical and magnetic properties of the 
nanoparticles; the tumor’s location; and the 
duration of the treatment. These elements play a 
critical role in achieving effective and controlled 
therapeutic outcomes [10, 12]. 

This method, by focusing heat specifically on 
cancerous tissues, results in fewer side effects on 
the surrounding healthy cells. Healthy cells 
typically exhibit greater resistance to elevated 
temperatures, whereas cancer cells are more 
vulnerable to heat due to their distinct metabolic 
and structural characteristics. As a result, 
magnetic hyperthermia (MHT) offers high 
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effectiveness in targeting and destroying cancer 
cells while significantly reducing harm to healthy 
tissues and minimizing side effects, unlike the 
adverse effects commonly associated with 
chemotherapy and radiotherapy [13]. 

The presence of ascites plays a key role in 
MHT for peritoneal metastases. Ascites, as the 
accumulated fluid in the peritoneal cavity, can 
affect the transfer and distribution of heat. 
Additionally, this fluid serves as an indicator for 
assessing disease progression and determining 
the suitability of the patient for treatment [14-
16]. During treatment, the increase in 
temperature in the presence of ascites may have 
unforeseen effects on tissues and fluids. 
Therefore, a thorough examination of the 
characteristics of ascites and the adjustment of 
thermal modeling and treatment parameters are 
essential. Numerical analysis of the impact of 
ascitic fluid on the MHT process presents a new 
area for research. Ascitic fluid acts as a 
therapeutic challenge for existing treatment 
methods, consequently slowing down or limiting 
the treatment process. The presence of ascitic 
fluid can affect the distribution of heat and the 
effectiveness of the treatment. 

Ultimately, analyses and modeling related to 
MHT are not only theoretically important but can 
also have a direct impact on improving treatment 
outcomes in patients with peritoneal metastasis. 
The use of numerical models in design, by 
optimizing the magnetic field and heat 
distribution, helps enhance the efficacy and 
safety of the treatment. These models aim to 
achieve deeper penetration and more uniform 
heating, reduce side effects through precise 
control of heat distribution, and protect healthy 
tissues, thereby paving the way for the creation 
of personalized treatment protocols for each 
patient. Since peritoneal metastases are usually 
located deep within the body and adjacent to vital 
structures, MHT can selectively heat these areas 
and focus the treatment effect solely on 
cancerous tissues without damaging the 
surrounding healthy tissues. MHT is a promising 
and novel method for treating peritoneal 
metastases, offering advantages over 
chemotherapy and radiotherapy with its high 
targeting, fewer side effects, and the possibility of 
combining with other treatments. However, 
further research is necessary to improve its 
efficacy and reduce costs for broader acceptance. 

Although many studies have been conducted 
on the treatment of cancer tumors in different 
parts of the body with MNPs [17–20], 
unfortunately, due to many problems, difficulties, 
and obstacles, there has been little study done on 
peritoneal metastasis. 

Matsumi et al. [21] experimentally and in the 
lab studied the treatment of peritoneal 
metastasis that had spread from gastric cancer 
(peritoneal metastasis of gastric cancer). The 
study used a mouse model with peritoneal 
metastasis cancer. For treatment, a hyperthermia 
method was used with superparamagnetic iron 
oxide (Fe₃O₄) nanoparticles (SPIONs). Finally, 
they found that MHT is a more effective 
treatment for peritoneal metastases than other 
treatment methods. Based on this study, MHT 
could be used as a new treatment option for 
peritoneal metastasis. 

Rouni et al. [22] have investigated the safety 
of magnetic hyperthermia systems based on 
nanoparticles, which use controlled heat to 
destroy cancer cells in cancer treatment. This 
research focuses on evaluating the safety of a 
system that utilizes an AMF and MNPs to 
generate heat. Practical experiments and 
empirical data have been used to examine the 
impact of this system on body temperature. 

Chia et al. [23] have investigated the effects of 
hyperthermia and its combination with 
intraperitoneal drug delivery in the treatment of 
peritoneal metastases. Initially, the immune 
status of the healthy peritoneal cavity and the 
immune structure of peritoneal metastases were 
examined. Then, the positive and negative effects 
of hyperthermia and its heat shock response on 
the tumor immune microenvironment were 
analyzed. Additionally, the impact of 
hyperthermia on the biomechanical properties of 
tumor tissue and its implications for immune cell 
infiltration were studied. 

In addition to SPIONs, numerous alternative 
materials have been investigated for use in 
magnetic hyperthermia therapy. These include 
various MNPs such as cobalt-based, nickel-based, 
and core-shell structured nanoparticles. Each of 
these materials exhibits distinct magnetic 
properties that influence their ability to generate 
localized heating when subjected to an AMF. The 
selection of an appropriate nanoparticle system 
is critical, as it directly affects parameters such as 
specific absorption rate (SAR), magnetic 
susceptibility, biocompatibility, and stability. 
These factors play a pivotal role in optimizing 
therapeutic efficacy, ensuring controlled thermal 
responses, and minimizing off-target effects 
during hyperthermia-based cancer treatments. 
For this study, SPIONs were chosen due to their 
enhanced effectiveness in treating peritoneal 
metastasis. Experimental results from Matsumi 
et al. [21] demonstrated that SPIONs perform 
exceptionally well in generating localized heat 
under AMF exposure, making them highly 
suitable for targeting metastatic tumors, 
particularly in sensitive regions like the 
peritoneum. Their ability to specifically heat 
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tumor cells while causing minimal damage to 
adjacent healthy tissue significantly improves the 
overall therapeutic efficacy. 

Recent research has shown that peristaltic 
blood flow and nanofluids, including hybrid and 
TiO₂/water-based fluids, can strongly affect the 
distribution of nanoparticles, heat transfer, 
energy storage, and overall flow characteristics. 
Factors such as thermal effects, squeezing and 
rotational motions, as well as external influences 
like electroosmotic or magnetic fields, allow for 
precise control over particle accumulation and 
temperature uniformity. Additionally, the shape 
and geometry of nanoparticles play a key role in 
directing energy and drug delivery to targeted 
regions. These analytical and numerical studies 
offer a solid theoretical foundation for optimizing 
magnetic hyperthermia treatments and 
improving therapeutic outcomes  [24-29].  

This research has focused on modeling 
hyperthermia using MNPs for the treatment of 
cancer that starts in the gastric area and 
metastasizes to the peritoneum. This metastasis 
leads to the accumulation of ascitic fluid in the 
peritoneal cavity, and the effect of the presence of 
ascitic fluid on this therapeutic process has been 
examined. This study was conducted to achieve 
the desired temperature in the target area 
(tumor). 

This study evaluates the effect of 
hyperthermia with MNPs in the treatment of 
peritoneal metastases and examines the role of 
ascitic fluid in the peritoneal cavity on the 
distribution of the magnetic field and the heat 
generated during the treatment process. The aim 
of this study is to investigate and find the best 
treatment for these patients and achieve a 
uniform temperature distribution in the tumor so 
that all cancer cells are destroyed without 
damaging the surrounding healthy tissue. 

The main innovation of this article is the 
numerical analysis and simulation of the impact 
of the presence and absence of ascites in MHT, 
providing new data. Additionally, this study can 
play a significant role in the optimal design of 
therapeutic protocols. These findings 
significantly contribute to the development of 
more effective methods for addressing challenges 
such as the presence of ascites and complex 
tumor conditions. Optimizing treatment 
parameters can help reduce damage to the 
healthy tissues surrounding the tumor. The 
results of this research are not only applicable in 
the treatment planning of patients with 
peritoneal metastasis but can also serve as a 
model for designing similar treatments for other 
cancers with deep tissue tumors or abdominal 
tumors in various locations. This approach, by 
improving treatment efficacy, reducing side 

effects, and providing accurate predictions of 
treatment outcomes, enables widespread use in 
scientific research and clinical applications. 

Simulations and results indicate that the 
presence of ascites in the peritoneal cavity has a 
significant impact on temperature distribution, 
while ascitic fluid, which is usually considered an 
obstacle in other therapeutic methods such as 
radiotherapy, can be treated with this method 
without causing serious hindrance. Since MHT 
has fewer side effects and can be combined with 
other therapeutic methods, it is introduced as a 
targeted and precise treatment for deep tumors, 
especially in individuals with advanced 
peritoneal cancer accompanied by abdominal 
ascites. 

The selection of this numerical model is 
particularly important due to the complex 
anatomical and physiological characteristics of 
peritoneal metastasis. Traditional hyperthermia 
models often assume homogeneous tissues and 
neglect the presence of fluid, whereas this 
approach simultaneously accounts for 
electromagnetic field distribution, heat 
generation by nanoparticles, bioheat transfer in 
solid tissues, and fluid convection. Since ascitic 
fluid commonly occurs in advanced stages, 
ignoring it can lead to unrealistic temperature 
estimates. By integrating Maxwell’s equations, 
Rosensweig’s model, the Pennes bioheat 
equation, and the Navier–Stokes equations, this 
model provides a more realistic depiction of 
treatment conditions and enhances the accuracy 
of temperature predictions for patients with 
peritoneal metastasis and ascitic fluid. 

2. Mathematical Model 

Figure 2 is an image of the geometry of the 
model. As can be seen, the model that was studied 
is a two-dimensional (2D) model that includes an 
induction coil, abdominal tissue, and a spherical 
tumor in the gastric tissue that eventually 
metastasizes into the peritoneum. Therefore, 
AMF is applied to the target tissue (the tumor), 
and the MNPs in the tumor act as a source of heat 
generation. 

 
Fig. 2. View of the geometrical model used for MHT 
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Model assumptions used are: 

1. The system is linear, isotropic, and 
stationary. 

2. All materials are non-magnetic and have 
no net electric charge except MNPs inside 
the tumor. 

3. The displacement current density is 
neglected, and the electric current 
distribution inside the coil is assumed to 
be uniform. 

4. The system has rotational symmetry 
around the z-axis.  

5. The distribution of MNPs in the tumor is 
uniform. 

Although analytical solutions can be applied 
to simplified bioheat or electromagnetic models, 
such approaches are generally limited to 
homogeneous domains, simplified geometries, 
uniform heat generation, and purely conductive 
heat transfer conditions. In the present study, the 
problem involves the coupled interaction of 
electromagnetic field distribution, heat 
generation by magnetic nanoparticles based on 
Rosensweig’s theory, bioheat transfer in 
heterogeneous biological tissues, and natural 
convection of ascitic fluid governed by the 
Navier–Stokes equations. Due to geometric 
complexity, spatial variation of material 
properties, and nonlinear convection effects, 
deriving a closed-form analytical solution would 
require significant simplifications that reduce 
physiological realism. Therefore, the finite 
element method was adopted to accurately solve 
the coupled electromagnetic–thermal–fluid 
problem. 

2.1. Induction Heating 

In the process of induction heating, the 
alternating current in the coil generates time-
dependent electromagnetic fields in the space 
around the coil. When a workpiece or electrically 
conductive (like a human body) object is placed 
in these fields, eddy currents are generated, and 
the Joule effect (RI2) causes heat to be generated. 
By solving Maxwell's equations and using the 
vector potential equation with the magnetic field 

 B A  and Joule heating, the induced heat 

generated in the tissue is obtained from the 
following equation: 

𝑄 =
|−𝑖𝜔𝜎𝐴0|2

2𝜎
 (1) 

where 𝜔 is the angular frequency.  𝜎 is the 
electrical conductivity of the tissue. 𝐴0 is the 
complex amplitude of the vector potential [30]. 

2.2. Heat Generated by MNPs 

Heat generation by MNPs is obtained as 
follows [31]:  

𝑃 = 𝜇0𝜋𝑥0𝑓𝐻2
2𝜋𝑓𝜏𝑒𝑓𝑓

1 + (2𝜋𝑓𝜏𝑒𝑓𝑓)2
 (2) 

where 𝑃, 𝜇0, 𝑥0, 𝑓and 𝐻 are the power dissipation 
of MNPs per unit volume, the permeability of free 
space, equilibrium susceptibility, the frequency 
of the applied magnetic field, and the magnetic 
field intensity, respectively. The effective 
relaxation time in Eq. (2), 𝜏𝑒𝑓𝑓   can be described 

as follows: 

𝜏𝑒𝑓𝑓 =
𝜏𝐵𝜏𝑁

𝜏𝐵 + 𝜏𝑁

 (3) 

where 𝜏𝐵  is the Brownian relaxation time, 𝜏𝑁 is 
Néel relaxation time, 𝜏𝐵 is defined as follows: 

𝜏𝐵 =
3𝜂𝑉𝐻

𝐾𝐵𝑇
 (4) 

where 𝜂, 𝐾𝐵  and 𝑇 are the viscosity of the 
suspension, the Boltzmann constant, and the 
absolute temperature of MNPs, respectively. 
 𝑉𝑀  is the volume of MNPs without including their 
shell. Because of the MNPs' spherical volume, it is 

defined as 𝑉𝑀 =
𝜋D3

6
.  𝑉𝐻  is the volume of the 

MNPs with a shell. It is defined as 𝑉𝐻 =
𝜋(𝐷+2𝛿)3

6
.  

where 𝐷 and 𝛿 are the diameter of MNPs and the 
thickness, respectively. The equation for the Néel 
relaxation time is: 

𝜏𝑁 =
√𝜋

2
𝜏0

𝑒

√Γ

Γ

 (5) 

where 𝐾𝑒𝑓𝑓   is the anisotropy constant,  

𝜏0 = 10−9𝑠 is the attempt time, and Γ =
𝐾𝑒𝑓𝑓𝑉𝑀

𝑘𝐵𝑇
. 

The equilibrium susceptibility 𝑋0 in the Langevin 
equation expresses it as follows: 

𝑥0 = 𝑥𝑖

3

𝜁
(coth(𝜁) −

1

𝜁
 (6) 

where xi and ζ are the initial susceptibility and 
the Langevin parameter, respectively. 𝑥𝑖  

described as follows 𝑥𝑖 =
𝜇0𝜙𝑀𝑑

2𝑉𝑀

3𝑘𝐵𝑇
 and 𝜁 

explained as follows: 

𝜁 =
𝜇0𝑀𝑑𝐻𝑉𝑀

𝐾𝐵𝑇
 (7) 

where 𝑀𝑑  and  𝜙 are the domain magnetization 
of suspended MNPs and the volume fraction of 
MNPs, respectively. 

2.3. Heat Transfer in Solid Tissues 

To get the temperature distribution during 
hyperthermia, using Pennes bio-heat transfer 
equations for healthy tissue and tumor tissue, the 
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following relationships are used, respectively 
[32]: 

𝜌1𝑐1
∂𝑇

∂𝑡
= ∇. (𝑘∇𝑇) + 𝜌𝑏𝑐𝑏𝜔𝑏(𝑇𝑎 − 𝑇) + 𝑄𝑚𝑒𝑡   (8) 

𝜌2𝑐2

∂𝑇

∂𝑡
= ∇. (𝑘∇𝑇) + 𝜌𝑏𝑐𝑏𝜔𝑏(𝑇𝑎 − 𝑇) 

+𝑄𝑚𝑒𝑡 + 𝑃  
(9) 

where  𝜌1, 𝜌2, 𝜌𝑏 , 𝑐1, 𝑐2, 𝑐𝑏 , 𝑘, 𝑇𝑎 , 𝑇, 𝜔𝑏 , 𝑄𝑚𝑒𝑡  and 𝑃 
are the tissue density, the tumor density, the 
blood density, the specific heat of the tissue, the 
specific heat of the tumor, the specific heat of 
blood, the thermal conductivity of the tissue, the 
tissue temperature, and the arterial blood 
temperature, the blood perfusion rate, the 
metabolic heat source, and the power dissipation 
of MNPs per unit volume in the tumor, 
respectively. 

The considered boundary conditions for 

Pennes bio-heat transfer equations are as 

follows: 

1) On the upper and lower boundaries of the 

desired model, the heat flux is zero (
∂𝑇

∂𝑛
= 0). 

2) The temperature on the body surface is 
considered to be 37 °C.  

In the thermal model based on the Pennes 
equations, zero heat flux is applied at the upper 
and lower boundaries of the computational 
domain, while the external body surface 
temperature is maintained at 37 °C. Continuity of 
temperature and heat flux is ensured across all 
internal tissue interfaces. When ascitic fluid is 
present, a no-slip condition is applied at the 
tumor surface and at the inner wall of the 
peritoneal cavity. Blood perfusion and metabolic 
heat generation are neglected within the fluid 
region. 

2.4. Fluid Modeling 

The fluid flow in the peritoneal cavity has 
been modeled using the Navier-Stokes equations 
with the Boussinesq approximation, which in the 
steady state is as follows: 

𝜌∇. (𝑣𝑣) = μ∇2𝑣 + ∇p + ρgβ(T − 𝑇0)𝑒𝑧 (10) 

The left-hand side of this equation represents 
the change in momentum of a fluid element with 
𝑣 velocity and 𝜌 constant mass density. The right-
hand side of the equation represents the forces 
acting on the fluid element. The first term on the 
right side is the friction between adjacent fluid 
elements, which is determined by the fluid's 
viscosity μ. In the calculations, the viscosity of the 
ascites μ = 0.001Pa. s has been taken into 
account.  

The second term p is the pressure difference. 
The third term is the volumetric force acting on 
the fluid element, which is derived from 
convection and includes   g gravitational 
acceleration, 𝜌 constant mass density, and  β the 
thermal expansion coefficient. It has been taken 
β = 3.42 × 10−4k−1 and 𝑇0 = 37℃  into account 
in the calculations [33, 34].  

In the stationary state, the heat equation for 
the fluid is as follows: 

−k∇2𝑇 + ρc(v. ∇T) = 0 (11) 

where k, ρ, and c are the thermal conductivity, 
density, and heat capacity of the ascites, 
respectively. Similar to eqs. (8) to (10), the 𝑇 
temperature and v fluid element velocity are 
considered. To solve the equations, boundary 
conditions were defined such that the fluid 
velocity on the boundaries (the inner wall of the 
peritoneal cavity and the tumor surface) is 
considered to be zero (v = 0) 

2.5. Solving the Equations 

The finite element method has been used to 
solve the equations. Figure 3 shows a view of the 
mesh used for the calculations. The type of 
meshing used in the calculations is free 
triangular. 

Due to the greater importance and intensity of 
temperature and heat changes in the wall and 
peritoneal cavity and tumor, finer meshing has 
been considered in these areas. Additionally, in 
the case where convection has been examined, a 
mesh of boundary layers in the tumor wall and 
the inner wall of the peritoneal cavity in contact 
with ascitic fluid has been utilized.  

 In the studied model, after injecting iron 
oxide nanoparticles Fe3O4 into the tumor and 
achieving a uniform distribution, the target tissue 
is placed in an AMF by coil. This coil consists of 9 
rings with a circular surface and a thickness of 0.5 
cm made of copper. 

In order to investigate the effect of ascitic fluid 
on the results of nanoparticle hyperthermia 
simulation in peritoneal metastatic cancer, 
calculations have been performed for the 
following conditions:  

Condition 1. The peritoneal cavity is assumed 
to be devoid of ascitic fluid.  

Condition 2. Since ascitic fluid has 
accumulated in the peritoneal cavity during 
treatment in some patients, ascitic fluid is 
considered within the peritoneal and abdominal 
cavity. In this case, blood perfusion and metabolic 
heat in the peritoneal cavity are zero.  

Figure 4 shows peritoneal metastasis with 
and without the presence of ascitic fluid. 

For peritoneal metastasis and stomach 
cancer, MHT sessions usually last between 30 to 
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60 minutes; however, in this article, the 
treatment time is a fixed constant. This duration 
is based on the thermal dose required to destroy 
cancer cells (usually in the temperature range of 
41-46°C) and the tolerance of healthy tissues. 
However, the exact treatment duration may vary 
depending on the specific protocols of treatment 
centers and the equipment used [35, 36]. 

In this study, to ensure the accuracy and 
robustness of the numerical simulations, a well-
defined convergence criterion was applied. In 
each simulation, the solvers were iterated 
multiple times until the results became stable. 
The simulation was considered converged and 
reliable when the changes in the magnetic field, 
tissue temperature, and peritoneal fluid velocity 
between successive iterations became negligible. 
This approach ensures that the simultaneous 
simulations of the magnetic field, nanoparticle 
heating, tissue heat transfer, and peritoneal fluid 
convection are accurate and trustworthy. 

All simulations were performed using 
COMSOL Multiphysics. The coupled equations for 

the magnetic field, nanoparticle-induced heating, 
and convective flow of ascitic fluid were solved 
simultaneously. The numerical solution 
employed the finite element method, with a finely 
discretized simulation domain. A direct solver 
was used, and the convergence criterion was set 
to ensure that residual changes became 
negligible, guaranteeing numerical accuracy and 
stability 

A mesh independence study was conducted to 
ensure that the numerical results were not 
dependent on the grid size. In this study, an 
unstructured triangular mesh was generated 
over the entire computational domain, and finer 
elements were applied in critical regions such as 
the tumor and surrounding tissues, including the 
stomach, to improve accuracy. The results 
showed that further mesh refinement led to 
negligible changes in the computed variables. 
Therefore, full mesh independence was achieved, 
and the selected mesh configuration was 
considered appropriate in terms of both accuracy 
and computational cost. 

 
Fig. 3. Computational space (left-hand side) and its mesh for the computation (right-hand side) 

 
Fig. 4. Peritoneal metastatic cancer (a) without ascites and (b) with ascites examined in this study 
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In this study, the geometry dimensions of the 
model, the thermal characteristics of healthy and 
tumor tissue used to solve the bio-heat transfer 

equation, and magnetic and MNPs characteristics 
are presented in Table 1, Table 2, and Table 3, 
respectively. 

Table 1. Geometry dimensions of the model 

Value (cm) Properties (characteristic) 

3.5 Gastric radius 

13 Peritoneal cavity radius 

3 Muscles 

1 Extraperitoneal fat and subcutaneous fat 

0.4 Skin 

1 The outside radius of the coil 

0.5 inside radius of the coil The 

Table 2. The thermal characteristics of healthy and tumor tissue used to solve the bio-heat transfer equation [17-21] 

Parameters Blood Skin Fat Muscle Peritoneum Gastric Tumor 

Specific heat (J/kgK) 3770 3391 2348 3421 3600 3690 3690 

Density (kg/m3) 1060 1109 911 1090 1055 1088 1088 

Thermal Conductivity (W/mK) 0.52 0.37 0.21 0.49 0.51 0.53 0.53 

Blood perfusion rate (1/s) - 0.05 0 0.00187 0.018 0.00187 0.002 

Metabolic heat (W/m3) - 368.1 368.3 1190 5000 1190 31872 

 

Table 3. Magnetic and MNP (Fe3O4) properties used 
 in the simulation [17-20] 

Unit Values Parameters 

kA/m 446 Md 

kJ/m3 9 Keff 

s  10-9 τ0 

nm 1 δ 

J/K 1.3810-23 kB 

nm 19 D 

kHz 100 f 

- 0/071 φ 

A 100 I 

3. Results and Discussion 

In this part, the results of induction heating, 
heat generated by MNPs, and temperature 
distribution for the treatment of a human model 
of peritoneal metastasis cancer are presented for 
two cases: a) the peritoneal cavity without the 
presence of ascites, b) considering the ascitic 
fluid in the peritoneal cavity. 

3.1. Induction Heating in Healthy and Tumor 
Tissue 

In this part, the heat generated by the eddy 
currents (induction heating) in the tumor and 
healthy tissue has been calculated by the 
considered coil. In Fig. 5, the distribution of 
induced heat in healthy tissue and tumor is 
shown, and in Fig. 6, the distribution of induced 
heat in the tumor is shown. 

As seen in Fig. 5, in both cases of peritoneal 
metastatic cancer, the highest induced heat is in 
the muscle. This is due to the high electrical 
conductivity in the muscle (0.362 S/m) compared 
to the skin, fat, and peritoneum. We observe that 
due to the skin effect, the heat decreases from the 
surface of the tissue towards the center of the 
body [37]. 

In Fig. 6, it is observed that the induction 
heating in the tumor in both cases of peritoneal 
metastatic cancer is similar, and the amount of 
induced heat generated in the tumor is very 
negligible. It is also observed that the amount of 
induction heating due to the skin effect is greater 
at the surface of the tumor and decreases towards 
the center of the tumor. It should be noted that 
the gradient of induced heat in the tumor is 
independent of the shape of the tumor and its 
location, and it decreases linearly towards the 
center of the tumor. 
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Fig. 5. The distribution of inductive heating in healthy tissue 

and tumor tissue: (a) in the absence of ascitic fluid and 
(b) in the presence of ascitic fluid 

 
Fig. 6. The distribution of inductive heating in tumors 

 in both ascites and non-ascites 

3.2. Distribution of Heat Generated by MNPs in 
Tumors 

In this part, we assume that MNPs are 
distributed only in the tumor, so the heat 
generated by MNPs is only inside the tumor, and 
this makes the tissue around the tumor remain 
healthy. 

In Fig. 7, the heat distribution of the 
nanoparticle in the tumor, in two cases of 
peritoneal metastatic cancer with and without 
ascitic fluid, has been studied and presented.  

Since one of the important factors in heat 
generation by MNPs is the intensity of the 
magnetic field, due to the non-uniformity of the 
magnetic field intensity in different parts of the 
tumor, the heat distribution is also different. 
Figure 8 shows that in both cases of peritoneal 
metastasis tumor, with or without ascites, the 
distribution of magnetic field intensity within the 
cancerous tissue decreases from bottom to top. 
The highest magnetic field intensity is located at 
the bottom of the tumor, near the center of the 
coil, because the center of the coil generates the 
maximum value of magnetic field intensity. 
Considering that the intensity of the magnetic 
field is one of the main factors in heat generation 
by MNPs (according to equation 2), the non-
uniformity of the magnetic field intensity at 
different points in the tumor causes the 

distribution of the heat generation to also vary. 
Consequently, the intensity of the magnetic field 
is greater in the lower part of the tumor, and the 
highest amount of heat generation by MNPs is 
always located in this section of the tumor. (In 
this section, we have assumed a constant 
temperature to observe and analyze only the 
effect of the magnetic field on the generated 
heat). 

In this part, we have considered temperature 
as a variable. As observed, the heat distribution of 
MNPs is lowest at the center of the tumor and 
decreases as one moves away from it, reaching its 
maximum value at the tumor surface. In Fig. (8b), 
it is observed that by considering the ascitic fluid 
and convection in the peritoneal cavity (case 2), 
the intensity of the heat generated has increased 
compared to case 1. This increase in the intensity 
of heat generation in state 2 is particularly 
observed in the tumor's border areas that are in 
contact with ascitic fluid. Therefore, it can be seen 
that the presence of ascites and convection 
within it leads to an increase in the intensity of 
heat in the tumor. In this part, we have 
considered temperature as a variable. As 
observed, the heat distribution of MNPs is lowest 
at the center of the tumor and decreases as one 
moves away from it, reaching its maximum value 
at the tumor surface. In Fig. (8b), it is observed 
that by considering the ascitic fluid and 
convection in the peritoneal cavity (case 2), the 
intensity of the heat generated has increased 
compared to case 1. This increase in the intensity 
of heat generation in state 2 is particularly 
observed in the tumor's border areas that are in 
contact with ascitic fluid. Therefore, it can be 
observed that the presence of ascites and 
convection within it increases the intensity of 
heat in the tumor. The intensity of heat 
generated by MNPs in the tumor of the peritoneal 
cavity in Fig. (8a), assumed to be devoid of ascitic 
fluid (case 1), has decreased compared to case 2.  

The difference in the distribution of the heat 
generated by MNPs in the tumor in two cases is 
due to the dependence of the heat generated by 
MNPs on temperature changes and the magnetic 
field (Section 2-2). Since the magnetic field for a 
type of tumor is the same in both cases, the 
results indicate that the temperature distribution 
in the tumor will differ in the two cases examined 
(discussed in the next section). 

By comparing Figs. 6-8, it is observed that the 
amount of induced heat in the tumor is much less 
than the amount of heat generated by the MNPs. 
According to calculations, since the induced heat 
is negligible compared to the heat generated by 
the MNPs, the heat of the MNPs can be considered 
as the total heat generated (Table 4). 
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Fig. 7. Heat distribution in peritoneal metastasis for the state 

(a) absence of ascitic fluid; (b) presence of ascitic fluid. 
(Approximate constant temperature) 

 
Fig. 8. Heat distribution in peritoneal metastasis for the state 

(a) absence of ascitic fluid; (b) presence of ascitic fluid. 
(Temperature variable) 

Table 4. Total heat in peritoneal metastasis 

Induction 

heating 

(W) 

The heat of MNPs 

without ascites  

(W) 

The heat of MNPs 

with ascites  

(W) 

2.3×10-6 31.8 52.5 

3.3. Temperature Distribution in Healthy and 
Tumor Tissue 

As mentioned, in order to examine heat 

transfer and obtain the temperature distribution, 

the Pennes equations (Equations 8 and 9) are 

used for healthy tissue and tumors, and the 

Navier-Stokes and heat equations in fluid 

(Equations 10 and 11) are used for ascitic fluid. 

The temperature distribution in the tumor is 

shown in Fig. 9, and the temperature distribution 

in healthy tissue and tumor is shown in Fig. 10. 

 
Fig. 9. Temperature distribution in peritoneal metastasis 

tumor for the state (a) absence of ascitic fluid;  
(b) presence of ascitic fluid 

To more accurately evaluate the temperature 
distribution and better compare the models, the 
tumor temperature distribution curves along the 
symmetry axis for the two cases examined in this 
study are presented in Fig. 11. The results show 
that in the case where ascitic fluid is present in 
peritoneal metastatic cancer, the temperature 
field has decreased due to the consideration of 
convection in the ascitic fluid and its cooling 
effect, compared to the first case (without ascitic 
fluid). 

As observed, the temperature at the center of 
the tumor is the highest and decreases as one 
moves away from the center (due to heat transfer 
from the surrounding area). The temperature in 
areas far from the tumor is 37°C. Around the 
tumor, in the peritoneum, the temperature rises 
slightly, but this increase is not enough to damage 
healthy tissue (less than 45°C) [38, 39]. This 
desirable feature of MHT localizes the heat and 
prevents damage to the surrounding tissue. 

Cancer cells have less resistance and 
tolerance to sudden temperature changes 
compared to healthy tissue; therefore, cancerous 
tumors can be destroyed [11]. 

As shown in Figs 9 and 10, the temperature of 
the cancerous tissue is within the treatment 
temperature range. Now, the possibility of 
damage to the healthy tissues adjacent to the 
tumor must be examined. 

Studies show that when the temperature 

exceeds 45°C, tissue damage occurs and cell 

death happens [40]. The computational results 

obtained indicate that the temperature of the 

healthy tissue surrounding the tumor reaches a 

maximum of 44.2°C, which suggests that no 

damage is inflicted on the healthy tissue 

surrounding the tumor during the hyperthermia 

process (Fig. 12). 
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Fig. 10. Temperature distribution in peritoneal metastasis tumor and healthy tissue for the state 

(a) absence of ascitic fluid; (b) presence of ascitic fluid 

 
Fig. 11. Temperature distribution curves along the tumor's 

symmetry axis of peritoneal metastasis, along 
 the tumor's vertical diameter 

 
Fig. 12. Distribution of temperature in healthy tissue 

surrounding the tumor in the metastatic state 

Figure 13 shows the flow lines of ascitic fluid. 
As observed, the density of the flow lines is 
greater in the areas adjacent to the tumor (the 
heat source) and decreases as one moves away 
from these areas. The direction of the flow, which 
is part of the ascitic fluid adjacent to the tumor, 
moves towards the upper part of the peritoneal 

cavity due to the increase in temperature and the 
resulting decrease in density. 

Then, the ascitic fluid with a lower 
temperature and higher density moves 
downward. This displacement creates a large 
rotational cell above the peritoneal cavity and 
adjacent to the tumor. Additionally, a smaller 
counter-rotational cell forms at the lower part of 
the peritoneal cavity. The convective flow in 
ascites continues during treatment as long as the 
tumor temperature is higher than the 
surrounding tissue temperature. As we have 
seen, the presence of convection in the ascitic 
fluid causes the temperature of the tumor and its 
surrounding tissue to decrease. 

 

Fig. 13. Flow lines of ascitic fluid (velocity field) 

4. Discussion and Validation with 
Experimental Studies 

Previous studies have limitedly demonstrated 
the effectiveness of MHT in treating peritoneal 
metastasis. Matsumi et al. reported that SPIONs 
are more effective than conventional therapies in 
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managing peritoneal metastases originating from 
gastric cancer. Rouni et al. [22] evaluated the 
safety and thermal impact of MHT systems, 
showing strong alignment between experimental 
data and numerical simulations. Chia et al. [23] 
highlighted how elevated temperatures enhance 
immune cell infiltration into tumors, improving 
therapeutic outcomes. 

Building upon these findings, the present 
study goes a step further by incorporating 
environmental factors, particularly the presence 
of ascitic fluid, into the MHT treatment model. 
While ascites is often a challenge in traditional 
therapies, our simulations indicate that MHT 
remains effective in such conditions. The 
comparison of our numerical results with the 
experimental and clinical data from previous 
studies confirms the reliability and accuracy of 
our model. 

In contrast, the present study focuses on the 
influence of environmental factors, such as the 
presence of ascitic fluid in the peritoneal cavity, 
on the performance of MHT. In this study, we 
successfully achieved the therapeutic 
temperature range of 41 to 45°C, which is 
sufficient for cancer cell destruction. Through 
numerical simulation, our findings indicate that 
factors like fluid accumulation significantly 
impact heat distribution and treatment 
efficiency. The comparison of our results with 
previous studies, including those by Matsumi et 
al. [21], Rouni et al. [22], and Chia et al. [23], 
suggests that while MHT is an effective treatment 
approach, considering environmental factors is 
crucial for optimizing its therapeutic potential. 
The integration of these findings can contribute 
to the development of more effective treatment 
strategies for peritoneal metastasis. 

These studies confirm that magnetic 
hyperthermia is a promising and safe cancer 
treatment approach. However, further research 
is required to refine treatment protocols, 
optimize parameters for different cancer types, 
and explore its potential in combination with 
therapies such as chemotherapy and 
immunotherapy. Future studies should focus on 
advanced modeling, extensive clinical validation, 
and in-depth investigations into the biological 
mechanisms of MHT to maximize its therapeutic 
efficacy. 

The results were critically analyzed in relation 
to the main objective of this study, which was to 
investigate the effect of ascitic fluid and its 
convection on temperature distribution during 
magnetic nanoparticle hyperthermia. The 
simulations indicate that the presence of ascitic 
fluid significantly affects the thermal response of 
the tumor and surrounding tissues due to 
convective heat transfer. While the proposed 
model accounts for coupled electromagnetic 

fields, heat generation by nanoparticles, bioheat 
transfer, and fluid flow, it is limited to a two-
dimensional framework and assumes a uniform 
distribution of nanoparticles within the tumor. 
Notably, despite the increased heat generation in 
the presence of ascitic fluid, the tumor 
temperature decreases due to enhanced 
convective cooling, reflecting the interaction 
between heat production and heat removal. 
These findings provide a detailed numerical 
assessment under ascitic conditions, while 
further developments, such as extending the 
analysis to three dimensions and considering 
non-uniform nanoparticle distributions, would 
enhance the clinical relevance of the model. 

The findings of this study highlight the role of 
magnetic nanoparticles in enhancing heat 
transfer during hyperthermia treatments. 
Beyond numerical simulations, these 
nanoparticles have practical applications in 
clinical hyperthermia for precise tumor heating, 
targeted drug delivery, improved medical 
imaging, and other biomedical procedures 
requiring controlled thermal management. 
Including these real-world applications 
strengthens the study’s relevance and potential 
impact. 

5. Conclusions 

In this paper, the effect of ascitic fluid and the 
convection caused by it on the MHT in peritoneal 
metastatic cancer was examined. For this 
purpose, a numerical study of the magnetic 
hyperthermia process with Fe₃O₄ nanoparticles 
was conducted in two states: with and without 
the ascites. The equations were calculated using 
the finite element method in a two-dimensional 
(2D) model. The results showed that: 

1. The presence of ascitic fluid does not affect 
the induction heating in the tumor, but it 
increases the amount of induced heat in the 
peritoneal cavity. 

2. The heat generated by MNPs (which are 
localized in the tumor in this hyperthermia 
method) is lowest at the center of the tumor 
and increases as one moves away from the 
center, reaching its maximum at the surface 
of the tumor. The presence of ascitic fluid in 
the peritoneal cavity increases the intensity 
of the heat generated by the MNPs in the 
tumor. 

3. The temperature is highest at the center of 
the tumor and decreases as one moves away 
from the center. 

4. The presence of convection in the ascitic fluid 
causes a decrease in temperature in the 
tumor and surrounding healthy tissue. 
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5. The effect of temperature reduction due to 
convection in ascitic fluid predominates over 
other effects in the peritoneal cavity. 

6. Simulations indicated that the tumor 
temperature reached 45–46 °C when ascitic 
fluid was absent, while the presence of 
ascites reduced it to 43–44 °C due to 
convective cooling. Temperatures in the 
surrounding healthy tissue remained below 
44.2°C, staying under the threshold for 
thermal damage. These findings support 
both the effectiveness of magnetic 
nanoparticle hyperthermia and the safety of 
the proposed treatment, while also 
emphasizing the notable impact of ascitic 
fluid on temperature distribution. 

As a result, it can be said that in MNH in 
peritoneal metastatic cancer, the presence of 
ascitic fluid (lack of blood perfusion and 
convection) leads to an increase in heat intensity, 
a decrease in temperature, and an uneven 
distribution of heat in the tumor, as well as a 
decrease in temperature in the surrounding 
tissue. This decrease in temperature keeps the 
surrounding tissue healthy, but it can reduce the 
treatment effect by lowering the tumor 
temperature. By increasing the amount of input 
electrical current to the coil, the tumor can be 
placed in a destructive temperature range 
without damaging the surrounding healthy 
tissue. 

Therefore, considering the significant effect of 
ascitic fluid on temperature distribution, in order 
to more accurately predict experimental results, 
it is necessary to take into account the presence 
of ascitic fluid in the peritoneal cavity in 
simulations related to nanoparticle hyperthermia 
in peritoneal metastatic cancer. 

Nomenclature 

𝑐1              Specific heat of the tissue 

𝑐2             Specific heat of the tumor 

𝑐𝑏             Specific heat of blood 

D              Diameter of MNPs  

𝑓               Frequency of the applied magnetic field 

𝐻             Magnetic field intensity 

𝑘              Thermal conductivity of the tissue 

𝐾𝐵             Boltzmann constant 

𝐾𝑒𝑓𝑓          Anisotropy constant 

𝑀𝑑           Domain magnetization of suspended MNPs 

𝑃              Power dissipation of MNPs per unit volume 

𝑇              Absolute temperature of MNPs 

𝑇              Tissue temperature 

𝑇𝑎             Arterial blood temperature 

𝑉𝐻             Volume of the MNPs with a shell 

𝑉𝑀            Volume of MNPs without including their shell 

𝑥𝑖               Initial susceptibility 

𝑥0             Equilibrium susceptibility 

Greek symboles 

𝜇0             Permeability of free space 

𝜏𝑒𝑓𝑓          Effective relaxation time   

𝜏𝐵              Brownian relaxation time 

𝜁               Langevin parameter 

𝜙              Volume fraction of MNPs 

𝜌1             Tissue density 

𝜌2            Tumor density 

𝜌𝑏             Blood density 

𝜔𝑏           Blood perfusion rate 

𝑄𝑚𝑒𝑡       Metabolic heat source 

μ              Fluid's viscosity 

v               Velocity  

𝜌              Constant mass density 

𝜏𝑁              Néel relaxation time 

𝜂              Viscosity of the suspension 

𝛿               Thickness of MNPs 
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