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Abstract: The results of optimisation calculations presented in the article are related to longitudinally
finned tubes of a heat pump evaporator operating under natural wind-induced flow of outdoor air
conditions. The finned surface is characterised by an unusual, wavy fin shape. The article presents
the methodology applied to seeking optimal geometric parameters of the finned tube in which
thermal calculations were performed by modelling a mixed convection process on the finned surface
using the finite volume method. In the case of maximising the heat flow with the minimum mass of
the fins, the optimal solution was dominated by the minimum mass of the fins and thus geometric
parameters correspond to the number of fins n = 6, fin height h = 0.065 and fin thickness s = 0.0015 m.
Optimisation calculations made for maximum efficiency of the exchanger at constant mass indicated
that the tube with ten fins (n = 10) with a height of h = 0.11 m and a thickness of s = 0.0018 m
allowed maximum heat flow at the assumed mass of the fins in the exchanger tube model. The article
proposes a simplified method of determining the optimal geometric parameters of the profile for any
mass and maximum thermal efficiency.

Keywords: heat pump evaporator; mixed convection; longitudinal finned tubes; optimisation of
geometric parameters

1. Introduction

The low price of air-to-water heat pumps makes these devices particularly popular.
These heat pumps generate particularly high energy savings during the spring-summer-
autumn period when the temperature of the lower heat source increases significantly. This
feature of air-to-water heat pumps makes them particularly suitable for use in buildings
with high hot water consumption (restaurants, hotels, hostels, hospitals, sports facilities).
Thanks to the use of refrigerants such as R290, R452A, R32 (or R410A until 2020) in
compressor heat pumps air-to-water heat pumps can be used at very low temperatures of
the lower heat source, even −20 ◦C [1–3]. Increasing the seasonal heat efficiency index of
air heat pumps is achieved, for example, by reducing energy consumption associated with
the operation of the evaporator fans. Such a solution is used in air-to-water heat pumps in
which the evaporator is a fanless design and operates under natural air flow conditions
(free convection, mixed convection) [4]. This evaporator design additionally eliminates the
energy consumption associated with automatic evaporator defrosting from the operating
costs of the heat pump, as it is replaced by natural defrosting.

Evaporators of heat pumps operating in natural air flow conditions are usually made
as freely arranged systems of (usually) vertical, longitudinally finned tubes (Figure 1) [2,3].
The conditions for heat exchange on the air side may be variable. The air flow can be
implemented along the tubes or across the tube axis. The heat exchange can be either
free convection or mixed convection. Natural air flow conditions and operation under
severe frost conditions imply a high degree of development of the external surface of the
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evaporator (Afin/Ain ≈ 16) [5]. In the case of free convection, the thermal efficiency of the
evaporator decreases significantly. In the case of mixed convection, the thermal efficiency
may be at least twice as high as in the case of free convection [4].
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profile mounted on the copper tube of the evaporator.

The number of studies concerning mixed convection on external finned surfaces
is limited. Studies [6,7] concern fully developed laminar flow for mixed convection on
horizontal finned surfaces. Achraya and Patankar [6] analysed a case of mixed convection
on the external horizontal finned surface with straight fins in a vertical arrangement.
Maughan and Incropera [7], using numerical studies, analysed the effect of fin height and
spacing on the intensity of the increase of heat transfer coefficients for mixed convection
between parallel horizontal plates with vertical fins. Generally, as the height of the fins
increased and their spacing decreased, the Nusselt number values increased. However,
low values of fin spacing decreased the intensity of flow disturbances, which indicated the
existence of an optimal fin spacing pitch.

Mixed convection on rectangular fins placed in a horizontal channel was the subject
of experimental research by Dogan and Sivrioglu [8–10]. Dogan and Sivrioglu showed
that when maximising heat transfer coefficients, a relationship can be found between the
fin spacing, Rayleigh number and fin height [8]. Regardless of the temperature difference
between the fluid and the base of the fin, the optimal value of the fin spacing pitch was
8–12 mm for Re = 250 [8] and 8–9 mm for Re = 1500 [9].

Studies on mixed convection in channels on finned vertical surfaces have been pre-
sented in studies [11–13]. In study [11], the influence of correlation between the pitch of
fin spacing and the height of clearance in the channel on the process of heat exchange
was noted. In the article [12] Al-Sarkhi and others analysed the mutual correlation of the
clearance and the Rayleigh number to the Nusselt number values. Al-Sarkhi et al. [12]
found significant effects of free convection on the Nusselt number values in the considered
range of mixed convection.

Study [14] concerns the process of mixed convection in the laminar area in a vertical
channel with fins equipped with vortex generators. The results showed an unusual effect
of the flow rate on the efficiency of the fins. For small fin spacing, the efficiency of the fins
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increased abnormally with the flow rate. For large fin spacing, the increase in flow rate
was accompanied by a decrease in efficiency of the fins.

The issues related to the evaluation of finned surfaces can be divided into a group of
issues concerning single fins [15–20] or developed surfaces and heat exchangers [21–26].
Considerations concerning individual fins are focused on determining the optimal fin
profile [17–19] and its parameters: thickness [19], height and base diameter [17]. In the cases
under consideration [17,19], the assumed optimisation criterion was to minimise the mass
of the fin conducting a constant heat flow or to minimize the maximum fin temperature [19].
The criteria for the evaluation of finned surfaces allowing for their comparison include,
in the case of forced convection, in addition to parameters defining thermal processes,
also parameters characterising flow phenomena, especially flow resistance. Often, the
evaluation criterion is the so-called flow quality factor (being the quotient of the Colburn
factor and the local resistance coefficient) or the quotient of the heat transfer coefficients
or the transferred heat flow to the pumping power related to the front face area [27]. An
exergetic criterion related to minimising the value of entropy of the fluid generated on the
finned surface side is also applied [14,28].

In the case of the flow around a finned surface under natural wind-induced air flow
conditions, the optimisation criterion may correspond to the criterion for heat exchange
under free convection conditions, although the calculation model must take into account
heat exchange under mixed convection conditions.

The lack of studies adequate to the case under consideration allows a search for
conditions for the selection of optimal geometric parameters of finned surfaces in the
literature referring to numerical analysis of heat exchange processes under free convection
conditions on longitudinally finned surfaces [29,30]. Study [31] presented a numerical
analysis of the effect of thickness, fin height and number of fins in free convection on the
distribution of rate, temperature and heat flow outside the horizontal longitudinally finned
cylindrical surface. The authors noted that the maximum heat flow conducted by the
finned surface is obtained for a fin thickness of less than 0.01 m and a height of not more
than 0.2 m. The maximum heat flow conducted by the finned surface was obtained for
the number of fins between 6–12. In [32], Haldar analysed the effect of the number of fins,
their length and buoyancy force on the intensity of heat transfer through a horizontal tube
with longitudinally finned straight fins mounted axially symmetrically (0 ≤ 2h/dout ≤ 0.6;
dout = 0.01 m; 0 ≤ nfin ≤ 18). Haldar [32] analysed, among other issues, the effect of the
number and height of fins on the process of heat exchange, assuming a constant surface area
of the fins. According to [32], for the Grashof number Gr < 103 it is advisable to use fewer,
higher fins. For larger Grashof number values, a larger increase in heat transfer coefficients
is achieved for a greater number of lower fins. The process of natural air convection in a
cylindrical horizontal channel on the external surface of a horizontal longitudinally finned
tube with six fins, was analysed in the study [33]. Analysing the results of numerical
calculations, Farinas and others [33] indicated that in relation to a smooth tube, the highest
fins analysed are the most effective 0.25 ≤ 2h/dout ≤ 0.75.

The subject of the present study is the application of numerical modelling to the
selection of geometric parameters of evaporator tubes presented in Figure 1a, for the cross-
section of tubes presented in Figure 1b. Taking into account the shape of the fin (sinusoidally
corrugated longitudinal fin mounted on the vertical tube), the direction of air flow (longitu-
dinal or transverse) and the conditions under which the heat exchange process is carried
out (mixed convection), it is difficult to find the dependencies adequate for the investigated
case for calculating heat transfer coefficients in the literature [34–42]. Study [5] presented
case relevant experimental results of local and average values of heat transfer coefficients
for free and mixed convection at transverse air flow (0 ≤ wa ≤ 2.3 ms−1). The values of
heat transfer coefficients measured by the authors were in the ranges 2–7 Wm−2 K−1 (free
convection) and 4–20 Wm−2 K−1 (mixed convection). This article is a continuation of the
research presented in publications [5] and [43]. Low values of heat transfer coefficients,
maximisation of COP, operation at low ambient temperatures imply a large area of the
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external surface of the heat pump evaporator. The materials (aluminium, copper), the man-
ufacturing technology for the external profile and the large surface area of the evaporator
determine its high price. An important design issue is the proper selection of geometric pa-
rameters of the external aluminium profile ensuring maximum heat flow from the outside
air. The purpose of this article is to optimize the geometric parameters (fin thickness, height,
number of fins) of the longitudinally finned tube, with axially-symmetrically mounted si-
nusoidal fins, for two optimisation criteria. The values of the optimised objective functions
were determined on the basis of CFD (Ansys) numerical modelling of the heat transfer
process on the external surface of the evaporator tubes. The calculations were made for
the case of mixed convection, free convection on a vertical tube and forced convection for
a transverse flow around tubes. The original aspects presented in the article concern the
association of specific evaporator design, mixed convection process and optimisation issue.
The article proposes a simplified method of determining the optimal geometric parameters
of the profile for any mass and maximum thermal efficiency. The results of the optimisation
calculations can present significant utility for the construction of heat pumps where the
lower heat source is external air, or waste air, and the evaporator is a fanless design.

2. Calculation Model

The subject of consideration is the process of heat exchange on the external surface of
a vertical tube finned with several aluminium longitudinal fins set centrally-symmetrically
around the perimeter of the tube, with a copper tube as an inner core (Figure 1). Tubes
of this type are used in the construction of evaporators of heat pumps not equipped with
fans. The operation of evaporators in natural conditions enables free arrangement of the
evaporator tubes. Low outside air flow rates with a variable direction of inflow force
significant surface development, obtained through the appropriate length and wavy shape
of the fins. The loose vertical position of the tubes favours possible natural defrosting
of the exchanger. The process of heat exchange on the external surface of the tubes is a
combination of free convection on the vertical tube and forced convection on the transverse
flow around the tubes (at low air flow rates). The free positioning of tubes with a length of
L = 2 m at a distance of at least Sq = 0.2306 m allows treatment of each of them separately.
The geometric parameters characterising the finned surface are number of fins (nfin), fin
thickness (s) and fin height (h). Fin height h is the equivalent height of a straight fin with a
surface area corresponding to the actual fin surface area:

h = A f in/(n·L) (1)

For the considered fin shape between the actual fin height hfin and the equivalent
height h, the relation h f in = 0.8326·h applies.

Experimental studies on the process of heat exchange at the transverse flow around
the finned tube under mixed convection conditions were presented in detail in study [5].
The results of the research presented by Niezgoda-Żelasko and Żelasko [5] included local
temperature distribution on the perimeter and along the finned tube as well as local and
mean values of heat transfer coefficients.

The adopted calculations model included conservation equations describing the pro-
cess of a mixed convection including the equations of momentum, energy and mass conser-
vation [44], extended with dependencies allowing to take into account the occurrence of
mass forces (free convection) or turbulent stresses (turbulent flow). Due to temperature
differences between the wall and air 10 < ∆T < 40 K [5], air was treated as an incompressible
ideal gas and its density was determined from the Clapeyron equation [44]. According
to [44], if the Richardson number value is close to one (Ri ≈ 1), the heat transfer process
should be modeled as a simultaneous free and forced convection process. If Ri < 1, the
effect of free convection can be omitted from the calculation. The experimental stud-
ies were conducted for mixed convection in the range of Richardson number values of
2.1×10−2 ≤ Ri ≤ 7×10−2 [5]. However, due to the height of the tube and the specific
geometry of the tube, it was assumed that this was mixed convection and the calculation
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took into account the effect of buoyancy forces on the heat transfer process. The equations
of kinetic turbulence energy (k) and proper dissipation of kinetic turbulence energy (ω)
were modelled according to the k-ω SST model [44]. The k-ω SST model was adopted
because of lower overproduction of kinetic turbulence energy in cases of strong positive
pressure gradients, e.g., in the areas of accumulation or tearing of the boundary layer. This
allowed to better describe the flow issues in the immediate vicinity of the fins and in the
space between the fins.

The heat transfer process between the finned tube and the outside air, including the
aforementioned equations, was modelled using the finite volume method and Ansys-Fluent
software. Modelling of the mixed convection process, the fin shape and the transverse
direction of air flow required the model to be prepared in 3D space. A hexagonal grid
of 9 × 106 elements was generated for the geometric model corresponding to the actual
dimensions of the finned tube. In the overlapping areas of boundary conditions and the
area of air contact with the exchanger, the grid was thickened. During the calculation, the
required accuracy of the calculations was obtained for the conjugate convergence criterion
set at a value of 10−6. The boundary conditions adopted for the calculation are shown in
Figure 2.
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ltop—location of the measurement surfaces of temperature distribution and heat transfer coefficients.

A full validation of the calculation model based on own experimental results [5]
including verification of temperature distribution, local values of heat transfer coefficients
and fin efficiency was presented in [43,45]. Verification of the adopted calculation model
included the range of Reynolds numbers (0 < Re = wa·dout·ρa/µa< 6300, wamax = 2.3 ms−1).
The calculation model adopted for mixed convection, with a k-ω SST turbulence model,
is more suited to the transient flow range, which can particularly occur on the leeward
side of the profile. It should not be excluded that for very large Reynolds numbers, the
k-ε model may also be an adequate model of turbulence. The results of the calculations
confirmed qualitative changes in temperature distribution and heat transfer coefficients on
the perimeter and along the tube height. The calculated local distributions of temperature
and heat transfer coefficient were compared with the experimental values measured at
two tube heights lbott = 0.2 m and ltop = 1.6 m [5]. Figure 3 shows sample results of
verification of the calculation model obtained for mixed convection (frontal air velocity
wa = 2.3 ms−1, average temperature difference between air temperature and fin base
temperature ∆T = ∆Ta − ∆Twall = 25 oC). The results of the calculations presented in
Figure 3c,d show that under the considered conditions of mixed convection, the forced
convection process dominated. Similar values of heat transfer coefficients were observed in
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the lower and upper part of the tube. The average deviations between the calculated and
measured values of temperatures, heat transfer coefficients and fin efficiency were in the
following ranges: <0; 2.6%> for temperature distribution, <−11%; 23%> for local values
of heat transfer coefficients and <0; 6%> for fin efficiency. The reason for the discrepancy
between the experimental and simulation results may be the fact that the condensation
effect on the surface of the exchanger tubes is omitted from the simulation calculations.
Any conditions under which the experimental research was conducted were characterised
by low relative air humidity (ϕ = 30–40%) and minimal frosting of the exchanger [4].
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Figure 3. Verification of the calculation model, mixed convection wa = 2.3 ms−1, ∆T = ∆Ta −
∆Twall = 25 K: (a) temperature distribution for fin at height lbot = 0.2 m; (b) temperature distribution
for fin at height ltop = 1.6 m; (c) local values of the fin base and end; (d) local values of heat transfer
coefficients.

The experimentally verified calculation model was used in the presented study to
determine the thermal efficiency of the heat pump evaporator tube, for various geometric
parameters.

3. Optimisation of Geometric Parameters of Heat Pump Evaporator Tubes
3.1. Assumptions for Optimisation Calculations

As already mentioned, evaporators of heat pumps operating in conditions of natural,
wind-induced outdoor air flow have a specific design that differs from the traditional design
of finned exchangers. The process of evaporation of the refrigerant inside the exchanger
tubes imposes the condition of absolute tightness of the exchanger, while maintaining the
simplicity of making tight connections of tubes by soldering. Therefore, the exchanger is
made of copper tubes on which an aluminium profile formed by an external tube with fins
is mounted [46]. The costs of making the exchanger depend on the price of manufacturing
the aluminium profile, the price of the copper tube and the price of expanding it inside
the aluminium profile. The reduction of the operating costs of the heat pump in this
case is related to the increase in mass (surface area), and thus the price of the heat pump
evaporator. Therefore, the specific design and operating conditions of the exchanger make
the optimisation issue defined for this device limited to maximising the heat transfer flow
with a minimum mass or constant mass of the exchanger, while ignoring the flow resistance
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on the air side. Due to the practically identical operating conditions of each of the exchanger
tubes, this issue can be formulated for a single tube. The optimisation variables in this
case are the average thickness of the fin, its height and number of fins. Two criteria for
optimising the exchanger tubes can therefore be considered:

−maximisation of heat flow for constant mass of the aluminium profile

G2(s, h, n) =
.

Q(s, h, n)→ max (2)

− with the equality constraint:

MPR(s, h, n) = ρAl ·n·h·s·L = const (3)

−maximisation of the objective function, which is the quotient of the heat flow to the mass
of the aluminium profile:

G1(s, h, n) =

.
Q(s, h, n)

MPR(s, h, n)
→ max (4)

It should be noted that due to climatic conditions, the actual operating conditions
of the heat pump evaporator in the heating cycle will usually correspond to those of
mixed convection. Additionally, it is obvious that under conditions of zero air flow rate
or relatively small temperature differences ∆T = Ta−Tw, the results of the optimisation
calculations (heat flow maximisation) for free convection will correspond to the fins with
maximum surface area and fin efficiency. Therefore, the considerations concerning the
indication of recommended geometric parameters of the fins were carried out for mixed
convection conditions. Optimisation calculations were performed for typical operating
and design conditions for the evaporator, omitting extreme operating conditions in free
convection or frosted conditions. The methodology of solving the optimisation issue was
based on the parameterisation of the thermal efficiency function (as a function of geometric
parameters) resulting from CFD calculations of the heat and momentum exchange process
on the external surface of the tubes of the considered heat exchanger. The search area for
optimal solutions included ranges of parameter variability: number of fins (n), height (h)
and fin thickness (s) defined by Equations (5)–(7)

6 ≤ n ≤ 12 (5)

0.065 m ≤ h ≤ 0.167 m, (6)

0.001 m ≤ s ≤ 0.004 m (0.0049 m for function G1). (7)

Due to the full geometric symmetry of the exchanger, only even numbers of fins were
considered. Optimisation calculations are usually associated with repeated calculations
of the value of the objective function for arguments determined according to a certain
procedure resulting from the adopted optimisation method. In this case, due to the use of
CFD modelling to determine the value of the objective function, it was decided to draw up
an extensive dependency base, Equation (8):

.
Q(s, h) where n = 6, 8, 10, 12 (8)

The calculations were made for constant boundary conditions (Figure 2):

− inlet flow rate condition, wa = 2.3 ms−1,
− free flow condition at the outlet, p = 0 Pa
− outside air temperature, Ta = 275.15 K,
− temperature on the inner surface of the exchanger tube, Tw = 247.15 K.
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3.2. Results of Optimisation Calculations
3.2.1. Maximisation of the Heat Flow at Minimum Mass

Maximising the thermal efficiency with the minimum mass of the aluminium profile
can be included in the search for the maximum of the objective function defined by
Equation (4). The influence of the mass of the aluminium profile of the exchanger on
the value of the objective function (4) is presented in Figure 4a.
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Figure 4. Objective function values G2 =
.

Q/MPR: (a) as a function of the profile mass; (b) as a
function of the fin height and thickness for n = 6 fins mounted on the tube.

Figure 4a shows the dominant influence of the exchanger mass on the value of the
objective function under consideration and that the highest values of the G2 function
are obtained for the case of n = 6 fins mounted on the tube. Figure 4b shows the effect
of the thickness and height of the fin on the values analysed for the objective function
G2 =

.
Q/MPR. In this case, it should be noted that the minimum number of short and

thin fins allows for a minimum mass and at the same time promotes the formation of flow
disturbances at the entire height of the fins, improving the process of heat exchange on the
air side. Thus, within the considered range of variability of the arguments (Equation (4)),
the maximum value of the objective function G2max = 160 Wkg−1 was reached at the
boundaries of the range for: n = 6, h = 0.065 m, s = 0.0015 m. For these geometric param-
eters, the efficiency of a single exchanger tube was

.
Q = 648 W, with the mass of the fins

MPR = 4.02 kg.

3.2.2. Maximising Heat Flow at Constant Mass MPR-M

The solution to the problem defined by Equation (2) required several dozen simula-
tions for different geometric models with variable parameters: n, h, s. Due to the assumption
of a constant internal diameter of the profile and the diameter of the fin base, the variable
mass of the profile corresponded to the mass of the fins mounted on the tube. Therefore,
the calculations were carried out with the equality constraint (Equation (3)), in which the
mass MPR = const. corresponded to the mass of the fins of the tested exchanger model
MPR = MPR-M ≈ 10.77 kg. The changed number of fins n, and their equivalent height h,
allowed determination of the required fin thickness s from the relationship in Equation (3).
The objective function domain was defined by inequalities in Equations (5)–(7). The results
obtained from the simulation are presented in Figure 5. Analysing the results presented
in Figure 5, one can see that for a specified number of fins, there is an optimal height and
thickness of the fin at which the exchanger achieves the highest efficiency, while maintain-
ing a constant mass of the profile. For the adopted assumptions, the optimum height of the
fin depended on the number of fins and was about 0.1–0.16 m, while the thickness of the
fin should be in the range of 1.5 < s < 2.2 mm. The highest efficiency would be achieved
with a number of fins equal to n = 10. In the case of n = 12 fins both the thickness and
height of the fins had less influence on the efficiency of the exchanger than the number of
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fins n < 12. This means that a large number of fins had dominant effect on the efficiency
achieved, with the effectiveness of the heat removal by individual fins decreasing. With
lower numbers of fins, the maximum values of the target function moved in the direction of
higher values of the height and thickness of the fins, which is a consequence of meeting the
equality constraint (Equation (3)). Figure 5 allows defines indicative values of geometric
parameters for which the thermal efficiency of the evaporator tube is at maximum value.
In order to precisely determine the maximum of the objective function G1, for profiles with
a fixed number of fins, the relation G1 =

.
Q(h, n = const) was parametrised.
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Figure 5. Change in the value of the objective function G1 for MPR = MPR-M depending on: (a) fin thickness; (b) fin height.

The relationship G1 =
.

Q(h, n = const) is described by the functions of the form in
Equation (9), with coefficients listed in Table 1.

.
Q
∗
(h, n = const) =

3

∑
i = 0

(ai·hi) where n = 6, 8, 10, 12 (9)

Table 1. Coefficients in Equation (9).

n a0 a1 a2 a3

6 977.21 12,520.23 152,116.83 495,515.85
8 −216.60 18,905.33 −83,271.52 0
10 −250.14 20,449.23 −92,935.4 0
12 518.15 6109.04 −32,099.01 10,132.31

In Figure 5b, the continuous line marks the course of the function form (Equation (9))
and points

( .
Q, h

)
corresponding to the results of simulation calculations. The relative

differences between the efficiency values obtained were small, up to±3.5%. Optimal values
of geometric parameters h, s, for a certain number of fins, determined as a maximum of
function (Equation (9)) are given in Table 2. The extremes values for function (Equation (9))
in the considered function domain were determined algebraically. The maximum ther-
mal efficiency of a single heat pump evaporator tube (evaporator) of

.
Qmax = 875 W

was achieved for the geometric parameters of the tube (n, h, s) of 10, 0.11 m, 1.80 mm,
respectively. The optimisation results indicate that in case of finned surfaces, the optimal
geometric parameters are moderate fin heights as well as their moderate numbers.
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Table 2. Optimal values of the geometric parameters of evaporator tubes.

n
.

Qmax
2(W) hopt

3(m) sopt × 103 (m)

6 850 0.160 2.24
8 856 0.114 2.19

10 1 875 0.110 1.80
12 818 0.100 1.65

1 Optimal solution, 2 max—maximum value, 3 opt—optimal value.

For a constant mass of fins, a low number of fins (n = 6) implies higher fins, while a
large number of fins (n = 12) results in thinner fins. In both of these cases, the efficiency of
the fins (εn =

(
Ta − T f in

)
/
(
Ta − Twout

)
) is the lowest (εn=6 ≈ 0.53; εn=12 ≈ 0.56). The fin

efficiency values for cases n = 8 and n = 10 were, respectively, (εn=8≈0.61; εn=10≈0.59). In
addition, in the case of short fins, higher values of the heat transfer coefficients promoted
more intensive heating of the fins, which further reduced their efficiency. Both long fins
and their large number (low spacing) make it difficult for warm outside air to come into
contact with the base of the fin and the part of the fin where surface temperatures are the
lowest. This effect can be observed in Figure 6 showing the distribution of air flow rate in
the model cross-section. For a small number of long fins (n = 6), larger airflow effects occur
between fins 1–2 and 5–6. Fins 1 and 6 and partly 2 and 5 operate effectively. The large
number of fins n = 12 results in the airflow around the finned tube which is more similar to
washing out a cylinder with a diameter corresponding to that of the fins. Small air streams
entering between fins 1–4 and 8–12 do not reach the base of the fin.
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Therefore, in this case not all of the fins work effectively and not along their entire
length. In each of the cases under consideration, the fins on the leeward side are not very
much involved in the heat transfer process. Thus, in case of a large number of fins, more of
them can be eliminated from the heat transfer process. It should be remembered, however,
that the actual conditions of the evaporator operation force full symmetry of the tube fins.

A wide database obtained during the simulation calculations enabled drawing the
diagram of the dependence of the maximum thermal efficiency of the evaporator tube
profile on its mass (Figure 7). Within the assumed range of parameter variability (n,
h, s), the results presented in Figure 7 allow determinations for any mass of fins MPR,
the maximum efficiency of the evaporator tube or the minimum mass for the assumed
exchanger efficiency. The set of evaporator tube efficiency values is limited from above
by the function values described in Equation (10). Two ranges separated in the domain of
function

.
Qmax(MPR) result from the accepted constraints in the changes of the geometric

parameters defined by inequalities (Equations (5)–(7)).

G3 =
.

Qmax(MPR) =

{
25.95·MPR + 585.8 f or MPR < 15 kg
7.85·MPR + 857.5 f or MPR ≥ 15 kg

(10)
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The results shown in Figure 7 indicate that for the constant mass condition, thinner
and longer fins enable obtain higher thermal efficiency. The limitation of the fin height
(aesthetic and technological reasons) makes it necessary to use a sufficient number of fins
(e.g., n = 12) for the required higher efficiency.

The thermal performance values obtained from all the simulations carried out
(Figures 4b and 7) were described for the individual number of fins, with the function
in the form of Equation (11). Function coefficients G4 =

.
Q(h, s) are listed in Table 3.

G4n =
.

Qn(h, s) = bon +
b1n
h

+
b2n

s
f or n = 6, 8, 10, 12 (11)

Table 3. Coefficients in Equation (11).

n b0 b1 b2

6 1095.59 −24.25 −149.54
8 1194.83 −25.33 −234.25
10 1344.47 −30.56 −354.91
12 1434.12 −31.42 −410.01
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The procedure of determining optimal geometric parameters (n, s, h) for any mass
within the considered range of changes in geometric parameters (Equations (5)–(7)), mass
of profile 4 ≤MPR ≤ 33.4 kg, thermal efficiency 648 ≤

.
Q ≤ 1118 W requires solving the

system of Equations (3), (10) and (11) for the assumed values of the number of fins n.

4. Conclusions

The results of optimisation calculations presented in the article are related to longitudi-
nally finned tubes of a heat pump evaporator operating under natural air flow conditions.
The finned surface was characterised by an unusual, wavy fin shape with a constant
cross-section. The article presents the methodology applied to seeking optimal geometric
parameters of the finned tube (number of fins, fin height, fin thickness), in which thermal
calculations were performed by modelling the mixed convection process on the finned
surface using the finite volume method (ANSYS).

The issue of optimisation was solved for two forms of the objective function with
inequality and equality constraints. In the case of maximising the heat flow with the
minimum mass of the fins, the optimal solution was dominated by the minimum mass of
the fins and thus geometric parameters corresponding to the number of fins n = 6, fin height
h = 0.065 m, fin thickness s = 0.0015 m. Optimisation calculations made for the maximum
efficiency of the exchanger at constant mass (corresponding to the mass of the fins of the
exchanger model) indicated that it is more advantageous to use a moderate number of
longer and thinner fins. Too small or too large a number of fins reduces their efficiency.
In the case under consideration, a L = 2 m tube with ten fins (n = 10) with a height of
h = 0.11 m and a thickness of s = 0.0018 m allowed to a maximum efficiency of

.
Q = 875 W

at the assumed mass of the fins of MPR ≈ 10.77 kg. The limitations of the objective function
domain (in particular, fin height) indicated that more fins are necessary for the required
higher efficiency.

The optimisation issues considered concerned the operation of the evaporator without
frost. These evaporator constructions could be operated under severe frost conditions. The
release of latent heat from the air improves heat exchange conditions and heat transfer
coefficient values, while reducing the efficiency of the fins (higher temperature difference
between mean fin temperature and fin base temperature). The effect of this phenomenon
on the results of optimisation calculations may depend on the surface temperature of the
exchanger. Considering the case of a constant mass of the fins and the positive surface
temperature of the evaporator (no frosting), higher values of the heat transfer coefficients
can nudge the optimal solutions towards shorter (thicker) fins and lower quantity of
fins. In the case of frosting on the heat transfer surface, the values of the heat transfer
coefficients are improved, but at the same time the resistance of heat conduction through
the frosted fin increases. With a sufficient thickness of frost, the finned tube with optimal
geometrical parameters is characterised by an increased height and quantity of the fins. One
interesting issue is the optimisation of the geometry of evaporator tubes in the conditions
of condensation of moisture from the air and its frosting, which may be the subject of future
studies.

5. Patents

Longitudinal finned tube protected as utility model no. PL 66649, 2011.
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Abbreviations

A surface area, (m2)
ai coefficients in the Equation (9)
d tube diameter, (m)
Dfin fin diameter, (m)
Gi objective function, (W), (Wkg−1)
h equivalent fin height, (m)
hfin actual fin height, (m)
l length, (m)
L tube height, (m)
MPR fin mass, (kg)
n number of fins
p pressure, (Pa)
.

Q
∗

heat flow in the Equation (9), (W)
.

Q heat flow, (W)
s fin thickness, (m),(mm)
t fin spacing, (m),(mm)
T temperature, (◦C)
w average flow rate, ms−1

Symbols
α heat transfer coefficient, (Wm−2K−1)
ε fin efficiency
ϕ relative humidity, (%)
ρAl aluminium density (ρAl = 2720), (kgm−3)

Indices
a air
bott bottom
CFD– CFD numerical calculations
exp experimental value
fin related to the finned area
in related to the internal surface
loc local value
M related to the exchanger tubes profile model
max maximum value
opt optimal value
out related to the external surface
PR fin mass
top on top
w wall
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