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Research on Heat Exchange in Biomedical Tubes for Thermoelectric
Temperature Control of Irrigation Fluid Flow

The work investigates the problem of steady-state heat exchange in a cylindrical tube along
which irrigation fluid moves under conditions of laminar hydraulically stabilized flow. An
analytical solution is obtained for the temperature distribution inside the moving fluid and
in the tube material. Numerical simulation of the temperature field of the fluid temperature
inside the tube and in the tube body is carried out. The influence of fluid flow rate on the
intensity of heat exchange in the radial direction and on mass transfer along the tube axis
was investigated. The dependences of the average fluid temperature at the tube outlet on
the change in fluid flow rate were established. The results of the study can be used for the
design and optimization of operating modes of fluid transportation systems, in particular
for the control and monitoring of the safe temperature of solutions during ophthalmic
operations. The results obtained have applied significance for the operation of medical
thermoelectric heating and cooling systems.

Keywords: heat exchange, thermal conductivity, laminar flow, irrigation fluid, silicone
tube, temperature profile, heat flow, heat transfer, heat emission.

Introduction

Modern ophthalmological practice widely uses surgical treatment methods, including
cataract surgery, vitreoretinal interventions for retinal detachment, penetrating eye injuries, and
diabetic retinopathy. During such procedures, surgical instruments are inserted into the eye
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cavity, and the circulation of irrigation fluid ensures washing of the surgical field and protection
of intraocular tissues.

During neither cataract nor vitreoretinal surgery, as a rule, the intraocular temperature or
the temperature of the irrigation solutions is not controlled. The surgeon also has no possibility
to intraoperatively regulate the temperature of the irrigation fluid and influence the thermal
regime of the intraocular structures. In such conditions, the most effective means of
thermostating the irrigation fluid in the operating room are thermoelectric devices.

The papers [1-3] examine the potential for using thermoelectric cooling and heating of
irrigation fluid during ophthalmological procedures. The advantages of using thermoelectric
devices in medical practice are demonstrated, and the need to determine optimal energy and
temperature conditions for their operation is emphasized.

Heat exchange in cylindrical tubes is one of the fundamental problems of applied
thermodynamics and hydrodynamics, which has numerous engineering applications - from heat
exchange devices in industry to systems for transporting biological and medical irrigation fluids
[4-6]. Analytical models of heat exchange in tubes were laid down in the classical works of
Nusselt, where laminar and turbulent flow conditions were considered.

The study of heat exchange in thin-walled silicone tubes [7] is of particular relevance in
biomedical technologies, where temperature control of medicinal irrigation solutions
transported to the patient's body is important.

The purpose of the study is to establish the patterns of influence of the intensity of
convective heat exchange on the change in the temperature profile of the flow of irrigation fluid in
arestricted channel —a biomedical tube. The study is aimed at identifying the influence of the design
parameters of the system under convective heat exchange conditions and the parameters of the
coolant on the outlet fluid temperature 7'

out >

as well as establishing the possibility of operational
regulation of the outlet fluid temperature 7', at given values of fluid flow rate Qand inlet

temperature 7 through the implementation of a temperature monitoring system on the tube surface

and the corresponding feedback with the inlet temperature control microcontroller.

1. Formulation of the steady-state heat exchange problem

The paper investigates laminar hydraulically steady fluid motion in a thin tube and steady-
state processes of heat exchange between the fluid, tube, and the surrounding environment.

The physical model describing the problem is shown in Fig. 1.
r 1 2

am|

|

Fig. 1. Physical model of heat exchange in a thin-walled tube

104 Journal of Thermoelectricity Ne2, 2026 ISSN 1607-8829



M.M. Ivanochko, N.M. Ivanuschak, R.V. Kuz, D.I. Ponych
Research on Heat Exchange in Biomedical Tubes for Thermoelectric Temperature Control of Irrigation...

Consider a cylindrical tube 1 through which fluid 2 flows. The length of the tube L is
much greater than the values of its inner R, and outer R, radii (L >> R,,R,) ; the thickness of

the cylindrical wall d=R, —R,. The coordinate system is cylindrical (r,¢,z), the axis z
coincides with the axis of the tube, where r € [O,R] , ZE [O,L] .

At the inlet of the tube, the fluid has a temperature 7, and a mass flow rate Q,. At the
outlet of the tube, the fluid acquires an average temperature 7', . The ambient temperature is

amb *
The physical model assumes that the fluid is incompressible, its physical properties are

constant; there are no internal heat sources and heat losses due to friction; axial heat conduction
is neglected compared to convective heat conduction.

2. Analytical solution of the problem

The formulation of the described problem corresponds to the classical Nusselt solution.
In cylindrical coordinates for a steady process, the general energy balance equation
(thermal conductivity + convection) for a fluid can be written as:

oT oT oT. oT
V. —+vV =\ | —@r— 1
Po¢ ( o arj (ré(ﬁr) ZJ M
where 7'=T(r,z)is fluid temperature, p, is fluid density, ¢, is fluid heat capacity, A, is fluid

thermal conductivity, v, and v, are the axial and radial components of the fluid velocity.

With hydraulically stabilized flow: v=0, v.=v(r). Due to neglecting thermal
2

o e T T . .
conductivity in the axial direction [F <<, a—] , the final energy balance equation will take
Z Z

on the form:
oT 10 oT
. — =\ | =) . 2
LN [ G ar>j @

In the steady-state mode (6/0t =0), with laminar hydraulically stabilized (Reynolds
number Re < 2300) and fully steady motion, the fluid velocity has a Poiseuille profile

}/_2
V(1) =2v,, [1 ok 3)
where v, is maximum fluid velocity.
Boundary conditions:
1. At the inlet of the tube (z = 0): T(r,0)=T . (4)
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=0. (5)

r=0

2. On the tube axis ( = 0) (symmetry): 2—T

3. On the inner surface of the tube (r = R,), the thermal condition of the third kind is heat

transfer through the tube wall at the “fluid-wall” interface:

oT

_7\45 :al(T(Rlaz)_Ttubc(Z))' (6)

r=R,

where o, is heat transfer coefficient from fluid to wall.
4.  On the outer surface of the tube (r =R,):

orT,

tube

-\
tube 8}”

=aq, [Tmbe(Rz) - ];mb] ) (7)

r=R,

where A, 1s the thermal conductivity of the tube, a.,is the heat transfer coefficient from the

tube
outer surface of the tube to the environment.

For a laminar stabilized regime (fully developed temperature profile), we proceed to
establish the mass-average flow temperature 7 (z), which is determined by the energy balance

equation

dT,
pL .chvd_ZL:_Ul(TL_T'amb)7 (8)

where U, is the linear heat transfer coefficient:

1 1

R )

tot conv,l tube conv,2

thermal resistances:
Rc':onv 1 = 1 > R;ube = M ° Réonv 2 = 1 . (10)
T 2nR o, 27 e T 2nR0,
Then

Ul

T(2)=T,, +(T,, —T,,)exp| —————z |. (1T)
pL ) chv

Temperature profile in the tube

After deriving the average mass temperature of the flow, we calculate the heat flux per
unit length of the tube

qy(Z):UL(TL_];mb)' (12)

Then the temperature of the inner surface of the wall
TR] (Z) = TL(Z) - q'(Z)R:;mw,] )
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temperature of the outer wall surface
TR2(Z):TRl(Z)_qI(Z)'R;ube' (13)

The temperature profile in the wall remains logarithmic:

(), 7
YIube(nZ):TRl(Z)_qZTE?x lnE. (14)

The temperature profile in the fluid will be as follows:

1

TL(rbz):TRI(Z)+[TR2(Z)_TR1(Z)]'[1_;;_22j' (15)

3. Calculation results

The calculations were performed according to the analytical solution (15) for the
temperature profile of the fluid inside the tube, with account for the calculation of the
temperature distribution in the tube wall (14). The radial distribution of the temperature of the
fluid flow in the selected cross-sections of the tube and the dependence of its temperature on
the coordinate z along the tube axis at different fluid flow rates O, were established.

The algorithm for solving the problem is implemented in Python 3.11 using the NumPYy,
SciPy, and Matplotlib libraries.

The tube material is medical silicone, the flow of irrigation fluid is considered, and the
following values of the input parameters of the problem are used:

e Tube length L =2.0m.
e Inner tube radius d, =0.0015m.

e Outer tube radius d, =0.0025 m.

e Silicone thermal conductivity A, =0.24 W/(m'K).

tube
o Silicone density p,,, =1500 kg/m’.

e Specific heat of silicone ¢, = 1200 J/(kg'K).

o Specific heat of liquid A; =0.63 W/(m'K).

 Specific heat of irrigational liquid ¢, = 4000 J/(kg'K).

o Inlet fluid temperature: 7, =35°C.

e Ambient temperature Tamb = 20°C.

o Coefficient of heat transfer o, from fluid to wall o, = 768.6 W/(m*K).

o Coefficient of heat transfer to environment o, =10 W/(m*K).

The fluid flow rates O, and the corresponding values of the average fluid velocities v,,,

and Reynolds numbers for calculations are given in Table 1.
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Table 1
Input fluid flow values
Fluid flow rate, ml/min Average fluid velocity, Reynolds number
m/s
0, =0.10 Ve = 0.0002 Re=1.0
0, =0.50 Vyg = 0.0012 Re=49
0, =1.00 Ve = 0.0024 Re=9.8
0, =2.00 Ve = 0.0047 Re=19.6
0, =5.00 Vi = 0.0118 Re=48.9

Radial distribution of temperature 7() in the tube

For the flow rates given in Table 1, a calculation of temperature 7'(r) was performed.

Fig. 2 shows the radial temperature distribution in the liquid and the body of the silicone
tube for different distances z from the beginning of the tube. The calculation was performed for

the fluid flow rate QO =1.00 ml/min Fig. 3 shows a similar temperature distribution for

0, =5.00 ml/min.

32 4 - : _

w
(=]
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-]

Temperature T, °C

N
(-]

24

22 A
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0.0 0.5 1.0 L5 2.0 2.5
Radial coordinate g, mm

Fig. 2. Radial temperature profile T(r) in cross-sections

of the tube at different z (for the flow rate Q, =1.00 ml/min)
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Fig. 3. Radial temperature profile T(r) in cross-sections of the tube
and tube wall at different z (for the flow rate Q, =5.00 mi/min)

At low fluid flow rates (Fig. 2), cooling occurs much more intensively, as the fluid
remains inside the tube longer. For higher flow rates (Fig. 3), the temperature profile becomes
more uniform, and the fluid temperature along the tube axis decreases more slowly.

As the coordinate z increases, there is a general shift of the temperature curves to lower
temperature values. This confirms the gradual cooling of the fluid and the tube wall along the
direction of flow.

The obtained temperature profiles demonstrate the classic logarithmic nature of the
temperature distribution in the cylindrical wall. The maximum temperature is observed on the
inner surface of the tube, which is in direct contact with the irrigation fluid. Towards the outer
surface, the temperature decreases due to heat transfer to the environment.

Temperature distribution TL(z) along the tube axis inside the fluid

For different fluid flow rates, the dependences (11) of the mass-average temperature of
the fluid flow along the tube axis were obtained.

Fig. 4 shows temperature distribution 7} (z) inside the fluid at » =0 for the flow rates

given in Table 1. According to (11), temperature changes by the exponential law

TL(Z)~6XP(

—i). This is demonstrated in Fig. 4. At low fluid flow rates, we have rapid

v

cooling along the z-axis due to significant heat exchange, and vice versa — at high fluid flow
rates, heat exchange decreases, due to which the temperature decreases slowly.
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Fig. 4. Change in average fluid temperature along the tube

Based on the data of the considered regime in each specific case, we come to the physical
interpretation of the obtained result. In particular, at low flow rates the liquid velocity in the
tube is very low, and accordingly the liquid residence time in the tube is long. The heat has time
to escape to the wall. The centre of the tube, where the velocity is maximum, cools more slowly.
Near the wall, the fluid cools rapidly due to the large temperature difference. With increasing
flow rate, heat transfer decreases due to the increase in the Reynolds number and mass transfer.
The fluid no longer has time to cool so quickly. The temperature gradient is concentrated only
in a thin near-surface layer. The relationship 7, (z) demonstrates the competition between
convection and thermal conduction.

Temperature of irrigation fluid at the tube outlet

Based on the heat transfer model we adopted, the temperature of the fluid at the tube
outlet (z = L) is determined from the solution of the energy balance equation (11).

The nature of the temperature dependence at the outlet is nonlinear (exponential type).

1
Tout ~ CXP[—— s
ij

which means dramatic temperature changes at low flow rates O, and more stable growth at high

The dependence has the form:

flow rates.
The dependence of the fluid temperature at the outlet of the tube on the fluid flow rate is
shown in Fig. 5.
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Fig. 5. The dependence of the fluid temperature at the outlet of the tube on the fluid flow rate

In the area of medium flow rates O =0.1-2.0 ml/min, there is a slower decrease. For
the area of high flow rates Q >2 ml/min, cooling continues to visibly decrease, but less

intensively.

4. Possibilities for practical implementation
The aim of the study was to substantiate the possibility of operational control of the outlet
temperature 7ow regulation through the implementation of a system for monitoring the

temperature of the outer surface of the tube T}, . The temperature of the tube wall at the control

point can be used as an information parameter for assessing the output temperature of the fluid.
A method for indirect identification of the temperature of the irrigation fluid at the outlet of the
ophthalmic tube is proposed, which is based on measuring the temperature of the outer surface
of the tube at a control point located at a distance L, from the outlet edge of the tube.

Based on the analytical model of conjugate heat transfer, an unambiguous functional
relationship between the outlet fluid temperature and the temperature of the outer surface of the
tube has been established.

T, (2) T (2) & Ti,(2),
therefore, there is an unambiguous functional relationship between T, =T, (L)and
T.,(L-L)).
Analytical relationship for the conjugate model
o TRZ(L _Lo)_Ta
A

Ty =T mb ol (16)
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where B = Y, , A=1-U/(R,, ,+R,).

temperature to indirectly determine the temperature of the irrigation fluid directly in the
ophthalmic surgical area. This approach enables the implementation of contactless temperature
monitoring and the creation of an automatic irrigation fluid temperature control system without

ins

temperature depending on the flow rate, channel geometry, tube wall temperature, and

conv,l cm

p-c,0,

Equation (16) is the basis of the indirect monitoring method.

The obtained result confirms the fundamental feasibility of using the tube's outer surface

talling sensors in the sterile surgical area.

Using a real-time mathematical model of heat transfer allows predicting the outlet fluid

temperature sensor operating mode.

Conclusions

1. A conjugate mathematical model of steady-state heat exchange in the system “irrigation
fluid — silicone tube wall — environment” has been developed, which provides a
consistent description of the processes of convective heat transfer in a laminar fluid flow
and thermal conductivity in the tube wall. Based on the model, analytical dependences
were obtained for determining the radial temperature profiles of the fluid and the tube
wall, which satisfy the conditions of continuity of temperature and heat flux on the

border of environments.

2. The calculation of temperature fields for characteristic irrigation fluid flow rates in the
range of 0.1-5.0 ml/min was performed. It was found that with increasing flow rate, the
flow cooling intensity decreases, and temperature gradients are localized in the near-
surface layers of the fluid. It was shown that the flow temperature along the tube changes
according to an exponential law, which reflects the relationship between convective heat

transfer and heat loss through the tube wall.

3. An analytical dependence of the outlet temperature of irrigation fluid on the flow rate

was obtained and its behavior in a wide range of operating modes was investigated.

4. A method for indirect identification of the temperature of the irrigation fluid at the outlet
of the ophthalmic tube by measuring the temperature of its outer surface at the control
point and using a mathematical model of conjugate heat transfer is proposed. The
existence of an unambiguous functional relationship between the outlet temperature of
the liquid and the temperature of the outer surface of the tube was established, which
confirms the possibility of implementing temperature monitoring of contactless and
automatic control of the temperature of the irrigation fluid without installing sensors in

the sterile zone of ophthalmological intervention.
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JlocaigkeHHs TenJ1000MiHy B 0ioMeIMYHHUX TPYOKax
JJISl TEPMOEJIEKTPHUYHOI0 KOHTPOJII0 TeMIIePaTypH
NMOTOKY ipurauiiiHoi piainHu

Y pobomi odocnidsceno 3a0auy cmayioHapHo2o mMeniooOMIHy 6 YuniHOpuyHiti mpyoyi,
630060IC SKOI pyxaemuvcs ipueayitina piouHa 6 YMO08ax JAAMIHAPHO20 2IOPAGIiuHO
cmabinizoganoco nomoky. Ompumano aHaniMUyHUll  Po38’sa30K Ol PO3NOOINY
memnepamypu ecepeduni pyxomoi piounu ma 6 mamepiani mpyoxku. Ilposedeno uucenvhe
MOOeN0BAHHS MEMNEPAMYPHO20 OIS MeMNepamypu piouHu 6cepeOuri mpyoxKu ma 8 miii
mpyoxu. Jlocrniodceno enaue eumpamu piOuUHU HA THMEHCUBHICb MENni000MIHY 6
PpaoianbHOMy HANPAMKY Mdad HA MAconepeHoc 63008xc oci mpyoku. Bcmarosneno
3ANeAHCHOCMI cepedHbol memnepamypu piounu Ha euxoodi 3 mpyoKu 6i0 3MIHU eUMpamu
piounu. Pezynomamu 0ocniodicennss Modxcyms Oymu 6UKOPUCMAHT O NPOEKMYBAHH Ma
onmumizayii pexcumie pobomu cucmem mpaHCHOPmMy8aHHs piout, 30Kpema 018 KepyeanHs
ma KOHmpoOno 6e3neyHoi memnepamypu po3uuHie npu nposeoeHHi 0QmarbMOI0IYHUX
onepayin. Ompumani pe3yibmamu Maroms NPUKIAOHe 3HAYeHHS Ol pOOOMU MeOUYHUX

MEePMOENEeKMPULHUX CUCTHEM HASPIBY MA 0XOJ0ONCEHHSL.

Kuaro4oBi cjioBa: TeriooOMiH, TETUTONIPOBIIHICTD, TaMiHAPHUM TIOTIK, ipUTaIliifHa piTuHa,
CIWJIIKOHOBa TpyOKa, TeMIeparypHuid mpodiab, TEIJIOBHA TOTIK, TEIUIONEpEeHOC,
TEIUIOBIAIaYa.
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