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Abstract. Thermal insulation of pipelines is used in different industries including agricultural technologies.
Energy efficiency depends on heat losses, which, in turn, are limited by heat insulation. Decentralized ventilation
is effective in rural low-rise buildings. One such device used is a regenerative ventilator like Blauberg Vento or
Vents TwinFresh. There is a task to improve the efficiency of its operation. Investigation of heat recovery processes
in thin ducts is taking place. Experimental uncertainty decreases with better heat insulation of the experimental
setup. But in heat transfer literature, there is a notion of the critical radius of insulation. More the insulation radius
should decrease its effectiveness due to the development of the outer surface. In the theory, the heat transfer
coefficient of the outer surface is assumed to be constant. In this study, laminar convective flow around the outer
horizontal cylindrical insulation surface of a large thickness is considered. The formula of the average heat transfer
coefficient is used that takes into account the Grashof number. While the insulation thickness is increased, the
surface temperature and the heat transfer coefficient are decreased. The function of thermal resistance dependence
on the outer diameter related to the inner one and its derivative have been analysed. As a result, an asymptotic
increase of thermal resistance was observed without extremums. So, there are no critical diameters if the insulation
is so large to obtain laminar convective flow. The maximum radius of thermal insulation should be determined not
as critical, but as expedient. Thus, it can provide 5-20% lower heat transfer resistance than the asymptotic one.
The radius of thermal pipe insulation of technological devices should be accepted based on technical and economic
justification.
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Introduction

The heat losses problem appears in different technical branches from precise measurement systems
to construction [1-4]. Insulating materials are widely used in various fields of knowledge [3-6]. There
is a variety of insulating materials depending on the field of their application. Heat-insulated pipelines
are widely used in agricultural technologies. Insulation increases the energy efficiency of various
systems, including engineering networks of rural buildings and parts of agricultural devices and
machines. ldeal insulation [7] is a very helpful concept in some theoretical cases but it cannot be
achieved in practice. Analysis of heat insulation of buildings [8-12] can show very large external sizes
of insulation. Sometimes, the sizes of thermal insulation of optical elements [13] and pipes [14-16] are
small. And the insulation is efficient in both cases.

Using decentralized ventilation in rural low-rise buildings is highly efficient and provides
normalized microclimate parameters [17-20]. This type of ventilation has a large number of advantages.
They take up relatively little space and minimize interference in the interior of buildings. One such
device is a regenerative ventilator like Blauberg Vento or Vents TwinFresh, which operates periodically
on the air supply and exhaust. This device in the cooling period can be more efficient than a
recuperative one used on vertically greened walls for the cooling effect [21] and sanitation abilities [22-
24] cooling the inlet air because the plants will not cause significant air recirculation. In these conditions,
the device will be protected against solar radiation cheaper than using green roofs or terraces [25-26].
In addition, air distribution is very important in energy performance [27-31]. The importance rises at
variable air volume ventilation [32-37]. The device has no simultaneously operated neighbouring air
inlet and outlet comparably with a recuperative one, which avoids the exhausting inlet air compared
with a recuperative analogue. The study of such device requires improving the efficiency of its operation
[17, 20]. The efficiency depends on the efficiency of the regenerative heat exchanger. In the Vents
TwinFresh ventilator, it consists of thin channels. Therefore, the task of heat exchange research in thin
pipes arises. The experimental investigation needs a correct thickness of pipe heat insulation. Better heat
insulation of the experimental setup decreases experimental uncertainty. In the literature, it is suggested
to apply the concept of the critical radius of insulation. The scientific novelty of the work is disproof of
the critical radius concept as the global maximum of the insulation effectiveness, which is obtained
using a constant heat transfer coefficient, that contradicts the well-known experimental and theoretical
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data, for example [38]. If the extremum exists, it is local. Overcoming the critical radius raises the energy
efficiency and decreases laboratory test errors due to heat losses, which is the aim of the work.

Materials and methods

The laminar natural convection along a horizontal cylinder of external diameter d, m, can be
described by the dependence [38] of the Nusselt number Nuy by the heat transfer coefficient ax,
W-m2.K"1, and the thermal conductivity of air Zair, W-m™-K*along the contour of the cylinder on the
Grashof number Gry by the curvilinear coordinate x, m, counted from the front critical point along the
contour of the cylinder using (Fig. 1) a function f(¢) that depends on the central angle ¢ from the front
critical point:
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Fig. 1. Function f(¢): asterisks — the data [38];
line — approximation with the deviation + 0.001

The degree of the polynomial (Fig. 1) and the number of digits in its coefficients have been
automatically chosen using the authors’ library for SciLab. It has a function to enumerate the degree
from zero until enough deviation will be obtained. After that, it tries to exclude each coefficient and re-
regress the data to eliminate unnecessary ones. Finally, it truncates the trailing digits until the precision
is kept. The polynomial has different signs, so at some values of j, the senior ranks are destroyed by
subtracting. This causes a lot of digits after the decimal separator.

If the air has the temperature coefficient of volumetric expansion 8, K, and the kinematic
coefficient of viscosity v, m?-s?, if the acceleration of gravity is g, m-s?, and if the temperature, K, of
the surface and ambience, corresponding to Tsurf and Tex, the Grashof number along the contour of the
cylinder is Gry = g-B-x3:(Tsurt — Text)/V2. Using the dependence of the curvilinear coordinate on the central
angle and diameter, the curvilinear coordinate x = ¢-d/2, m. After transformations of expression (1)
substituting the Grashof number:

o d/Aair = 0.604-f(0) - (g A3 (Teurt — Tex)/(16:12)) Y4, 2

The averaging of equation (2) in the work [38] gives the average heat transfer coefficient,
W-m32.K?,

0= 0.372:(9- (Tsurt — Text)/(Textv2+d)) Y Nair. (3)

Thermal resistance of a heat-insulated cylinder, R;, m?-K-W, including linear resistance of the

inner side Ry, m?-K-W, using thermal conductivity of the insulation material Ains, W-m*-K, and
internal diameter of the insulation do, m,

Re = R, + (IN(d/do)/(2-7-ins)) + (U(z-d-z)), 4)
Taking into account the heat transfer equation [39, 40] and (4):
(Tint — Teur)* = 0.372% (R, + In((d/d0)/2-Ains)))*(9-d*N?)- Aair* (Tsurf — Text)® Text (5)
To simplify the analysis, let us introduce a complex of parameters. A dimensionless parameter
A =0.372%(R¢, + In((d/do)/2-Ains)))* Aair*+ g-d3Iv? (6)

Relative overtemperatures of the inner and outer insulation surfaces above the external air
temperature, corresponding,

ATmt (Tmt - Text)/Texl, ATsurf - (Tsurf - Text)/Text (7)

A dimensionless parameter
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B = (9:do*N?)-( airl Ains)* (8)
A derivative of the parameter A
A=dAdtd, (9)
where the relative outer insulation diameter, m, related to the inner one, m, is
d = d/do. (10)

The dimensionless thermal resistance of all layers under the thermal insulation including the internal
heat transfer:

ﬁ[{) =2 Ré’o' lins- (11)
Equations (4) and (5) will be treated as an implicit function of d. Using the parameters (6)-(11),
Re=Re + (Indl(2n)) + 1/(0.372- w( B- & ATsur)’?), (12)
dR, 3AT,, +d -dAT, dd ~
L ={1- sut surt_ I2-7-d) (13)
dd [ 0744 BO.ZS X d 3/4 ATsurfl.ZS ( z )

A derivative for the relative surface overtemperature

dAT,, __0.1864.|§.52.(2.7z.|5w+lna)3.A'|?55urf .(3'(2_7”5 +IncT))+4 (14)
T — ATy f+5-A-AT,.* °

dd 4.(AT_

int

The software for calculation expressions (12)-(14) has been made in the Scilab Algebra open-source
system to determine the design and thermophysical features of a prototype horizontal pipe with an
insulation cover. The relative outer insulation diameter & = (1...100), m. The ambient air temperature
Text = 293.15 K. Temperature difference between internal and external environments ATin = 20 K. The
heat transfer coefficient of the pipe material is large enough, so considering the heat transfer resistance
R as near to zero. The gravity acceleration is g =9.81 m-s2. The pipe diameter do=0.01 m. The
kinematic coefficient of viscosity v=15.06-10® m?.st.  Thermal conductivity of air
Jair = 0.024 W-m*-K1, The material of insulation is an NBR/PVC-based closed cell with thermal
conductivity Lins=0.035 W-m™*. K™,

Results and discussion

As a result, the total dimensionless heat transfer resistance coefficient (Fig. 2a) and the temperature
on the outer surface (Fig. 2b) of the thermal insulation were obtained. To approve the derivative (14), it
has been approximated by finite differences (Fig. 2c). The deviation is 0.0012. In addition, the outer
temperature and its derivative have been built (Fig. 2d). The thermal resistance monotonically increases
increasing the heat insulation diameter.

The insulation can be enlarged until enough small overtemperature on the outer surface to achieve
the laminar flow. It is possible to additionally enlarge it more and more for better energy efficiency and
laboratory test accuracy.

It can be explained as the concept of the critical radius is based on a constant outer heat transfer
coefficient. But enlarging the insulation causes the decrease of the overtemperature lowering the
coefficient significantly.

No critical but expedient diameter should be used after the rise of energy efficiency is not
considerable. The authors have experience using insulation by foam rubber many times over the critical
diameter to test the heat transfer in small-diameter channels. Also, the large sizes of building insulation
confirm the results. In rural development, the results can increase the energy efficiency of machines and
devices that use insulated pipes or vessels with hot or cold substances.

Based on the results of this work, a new experimental stand for the future research of regenerators
in decentralised ventilators was re-designed, which allows for decreasing the uncertainty approx. twice.
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Fig. 2. Results: a — total dimensionless heat transfer resistance coefficient; b — temperature on the

outer surface of the thermal insulation; ¢ — derivative of thermal resistance; d — derivative of the outer
surface temperature: red — derivative; blue — finite differences approximation

Conclusions

1. The laminar thermogravitational flow can be achieved around the thermal insulation of a horizontal
pipe by enough increasing the diameter of the insulation. The thermal resistance will rise with the
insulation radius.

2. The concept of the critical diameter was disproved. This can be explained as the concept of the
critical radius is based on a constant outer heat transfer coefficient. But enlarging the insulation
causes a decrease in the overtemperature of the outer surface lowering the coefficient significantly.

3. Itis necessary to use not the critical but the expedient diameter after the rise of energy efficiency is
not considerable.

4. The possibility to overcome the critical diameter allows for raising the energy efficiency of the
apparatus, including rural machines and technological equipment.
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