
 

1. Introduction 

Heat sinks are widely used for cooling various electronic, com-

ponents (such as power semiconductors, LED, microprocessors, 

microchips and others) operating with a high specific heat load. 

To ensure their reliable operation over a long period of time of 

functioning these devices should be cooled because the failure 

rate of these components doubles with each increase in temper-

ature by 10°C above the operating temperature (~ 80°C) of the  

electronic device [1]. 

Therefore, an important factor during the development of 

electronic devices is the choice of systems and methods of cool-

ing, providing the most intensive heat removal from heat-loaded 

components while reducing their mass-size characteristics and 

minimizing manufacturing costs. In this regard, the develop-

ment of new designs of heat sinks, allowing the removal of heat 

by air cooling, becomes relevant in terms of improving the effi-

ciency and durability of electronic devices. 

In the paper [2], heat transfer intensity and pressure losses of 

heat sinks with lamellar, cross-split and pinned fins were investi- 
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Abstract 

Heat transfer and aerodynamic drag of novel small-sized heat sinks with lamellar fins, designed for electronic cooling, 
were experimentally investigated under conditions of forced convection in the range of Reynolds numbers 1 25010 500. 
It was found that a gradual reduction in the fin spacing from 6 mm to 3 mm with a 29° angle of taper between the outermost 
fins leads to an increase in the heat transfer intensity by 1532% with a significant increase in aerodynamic drag compared 
to the surface with a constant fin spacing of 6 mm. Incomplete cross-section cutting of fins at the relative depth of 0.6 in 
addition to the gradual reduction in the fin spacing provides aerodynamic drag decrease by 520% and increase of heat 
transfer intensity by 1820% in comparison with the similar heat sink without fins cutting. Proposed novel designs of heat 
sinks enabled us to decrease by 7°С–16°С the maximum overheating of the heat sink's base in the flow speed range from 
2.5 m/s to 7.5 m/s at constant heat load. To ensure a constant value of maximum overheating of the heat sink base the inlet 
flow velocity for the surface with constant fin spacing should be 1.62 times higher than that for the heat sink with 29° 
taper angle between outermost fins and partially fins cutting. In this case, the aerodynamic drag for the latter will be higher 
only by 1.62.7 times, which is quite acceptable. 
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Nomenclature 

b  – width of the split fin, m 

d  – diameter, m 

E  – fin efficiency 

Eu  – Euler number 

F  – area, cross-section area, m2 

G  – coolant flow rate, kg/s 

h  – height, fin height, m 

ku  – conversion factor 

L  – length, m 

Nu  – Nusselt number 

Q  – heat flow, W 

Re  – Reynolds number 

T  – temperature, K 

𝑇̅  – average temperature, K 

t  – fin spacing, m 

uc  – cutting width, m 

W  – velocity, m/s 

w  – base width, m 

Z  – number of fins 

ΔP  – aerodynamic drag, Pa 

ΔT  – overheating, °C 

 

 

Greek symbols 

α  – heat transfer coefficient, W/(m2 К) 

β  – angle between fin and wall, ° 

δ  – thickness, m 

λ  – heat conductivity coefficient, W/(m К) 

ν  – coefficient of kinematic viscosity, m2/s 

ρ  – density, kg/m3 

φ  – taper angle, ° 

Ψ  – finning coefficient 

 

Subscripts and Superscripts 

1  – inlet of the heat sink 

2  – outlet of the heat sink 

all  – total 

b  – base 

c  – cut 

f  – fin 

h  – hydraulic 

los  – losses 

max   – maximum 

noz – nozzle 

o, on  – inlet of the working section 

red – reduced 

 

gated. The data presented in the paper show that in the range of 

Reynolds numbers 2 50014 000, the heat sink with pin and split 

fins has the lowest thermal resistance. The smallest aerodynamic 

drag was observed for the lamellar heat sink. 

The influence of geometrical characteristics of lamellar-

finned heat sinks on heat exchange and pressure drop under con-

ditions of forced convection (Re = 25 0001 750 000) was stud-

ied experimentally in [3]. The authors found that the pressure 

drop along the heat sink increases with increasing fin height, 

Reynolds number and decreasing inter-fin gap. The average 

value of Nusselt numbers increases with the increasing Reyn-

olds number, inter-fin gap, fin thickness and with the decreasing 

fin height. 

In [4], on the basis of the lamellar-finned heat sinks, the orig-

inal design of the combined lamellar-pinned heat sink, the pins 

of which are located in the gap between the adjacent lamellar 

fins, is developed. Both numerical and experimental studies of 

heat transfer and aerodynamic drag of such heat sinks under the 

conditions of forced convection in the range of flow velocities 

in the inter-fin gap from 6.5 m/s to 12.5 m/s have been con-

ducted. The results indicate that the thermal resistance of the la-

mellar-pinned heat sink is about 30% lower than that of the 

plate-fin heat sink used as the basic one under the conditions of 

equal velocity of the incoming air flow. It is noted that the pins 

turbulate the flow in the inter-fin gap. As a result, the intensity 

of heat exchange increases, but at the same time its aerodynamic 

drag increases by 2.54 times. 

Paper [5] presents the results of experimental studies of heat 

transfer and thermal resistance of plate-fin and lamellar-pinned 

heat sinks, which are made under conditions of natural convec-

tion. The data obtained indicate a higher intensity of heat trans-

fer and lower thermal resistance by 2040% in the lamellar-

pinned heat sink compared with the traditional plate heat sink. 

The results of the paper are qualitatively consistent with the re-

sults of [4]. 

The purpose of the study published in [6] is to determine by 

computational fluid dynamics (CFD) modelling the optimal 

value of the ratio of the height of the Y-shaped pin fin to the 

height of the entire fin, which will, according to the authors, in-

crease the cooling efficiency of the pin heat sinks of the new 

type. Obtained results show that for values of air velocity 

0.52.5 m/s and the relative height of the pinned Y-fin (height 

of the straight part of the fin / overall fin height) H/A = 0.20.8, 

the optimum ratio of the relative height of fins is H/A = 0.6, cor-

responding to the lowest thermal resistance of a flat heat sink 

with pinned fins. In our opinion, it would be advisable to com-

pare the received values of thermal resistances with values of 

resistances of the heat sink at H/A = 1.0 which would allow find-

ing out a value of the received effect from the use of the Y-

shaped fins. 

In [7], the heat transfer and aerodynamic drag of the four de-

signs of new flat lamellar-finned heat sinks with trapezoidal and 

stepped configurations of lamellar fins in the inlet flow rate var-

iation range from 1 m/s to 5.5 m/s were experimentally studied. 

It was found that the stepped and trapezoidal fins provide higher 

thermal conductivity and lower aerodynamic drag compared to 

the basic plate-fin heat sink at the same flow velocity. The ef-

fective conductivity of the trapezoidal fin exceeds the conduc-

tivity of the rectangular fin by about 38% at the inlet flow ve-

locity of 5 m/s in spite of the fin area reduction by 20%, and 

aerodynamic drag is reduced by 20% compared to the conven-

tional plate-fin heat sink. 

Studies of the thermo-aerodynamic characteristics and ther-

mal resistance of heat sinks with stepped, trapezoidal plate and 

plate-fin stepped and trapezoidal fins were conducted in [8] us-

ing the CFD method. The results of research testify to the fact 

that stepped and cut fins allow for increasing the heat transfer 
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coefficient by 1116% and decreasing the aerodynamic drag by 

1545% at the reduced area of fins, but at the same time the 

thermal resistance of heat sinks is increased by 1525%. Instal-

lation of pins in three transverse planes of inter-fin gaps leads to 

an increase in the intensity of heat transfer by an average of 40% 

and an increase in aerodynamic drag by 3.57 times compared 

with the traditional lamellar fins, while reducing the thermal re-

sistance by an average of 3040%. 

The paper [9] is aimed at the experimental and numerical 

study of convective heat transfer and flow characteristics of 

plate and cross-split finned heat sinks. The cutting width of the 

fins and the number of the cut fin parts were varied. Investiga-

tions were performed at the flow velocity from 1 m/s to 4 m/s 

and thermal power equal to 100 W. The results showed that the 

thermal resistance of the heat sink with a 1.5 mm fin width and 

six cut fin parts is 16.2% lower than that of the heat sink with 

plate solid fins at the same flow velocity. 

In the publication [10], the heat transfer and aerodynamics 

of a flat tube with both continuous lamellar fins and cut lamellar 

fins, which were placed on the lateral flat surfaces of the flat 

tube in in-line and staggered order, were studied using numerical 

simulation. The authors have shown that full cross-section cut-

ting of fins with a large number of cuts and small width of the 

cut leads to the intensification of heat exchange and its greatest 

effect is observed at the staggered arrangement of fins. 

In [11], on the basis of collected data from more than 90 pub-

lications, the authors reviewed the issues that are aimed at im-

proving the thermal performance of developed heat sinks with 

pin and lamellar fins by applying various heat exchange intensi-

fiers: perforation in the pins of circular, triangular, rectangular, 

oval cross-section, turning the pins (not circular cross-section) 

around their axis by some angle, application of holes to the fins 

for natural and forced convection conditions. 

A lot of publications are dedicated to the investigation of 

characteristics of small-sized heat dissipating flat surfaces with 

plate-split fins with the turning of incised parts of fins in relation 

to flow designed for cooling of electronic devices under forced 

convection (Re = 2 00010 000). Results of the experimental 

study of heat transfer of such surfaces are presented in [12] and 

of aerodynamic drag – in [13]. In [14], eight types of surfaces 

with different cutting depths and angles of turning were experi-

mentally investigated. The influence of fins cutting and turning 

of cut parts on thermal and aerodynamic characteristics of heat 

sinks is studied in [15] by means of CFD modelling. The authors 

[16] have experimentally established that the greatest intensify-

ing effect is observed at a relative depth of fin cutting of 0.6. 

Partial cutting leads to a 1520% increase in heat transfer inten-

sity and resistance, and turning of incised parts of fins in relation 

to flow by angles φ equal to 30° and 45° allows for increasing 

the heat transfer intensity by 5060% at a growth of aerody-

namic drag by 1.72.5 times in comparison with traditional la-

mellar-finned surfaces. Similar results were obtained in [17] but 

with the use of CFD modelling. Generalization of experimental 

data on thermal and aerodynamic characteristics of heat sinks 

with different types of finning, including fins with partial cut, is 

presented in [18]. Partially cut fins have also proven themselves 

well in studies of thermo-aerodynamic characteristics of trans-

versal finned tube packages. For example, the thermal efficiency 

of such packages with rolled petal finning was experimentally 

investigated in [19]. Results of the experimental study of heat 

transfer of tube packages with split spiral fins were presented in 

[20] and for aerodynamic drag – in [21]. Summarizing these 

works it can be said that cutting of fins leads to increasing the 

heat transfer intensity of tube packages by 3035% with a mod-

erate increase of aerodynamic drag by 4045%. 

Heat sinks with mesh-wire fins are of certain interest due to 

their original design. In work [22], materials on experimental 

research of convective heat transfer and aerodynamic drag of flat 

heat dissipating surfaces with mesh-wire fins in which geomet-

rical characteristics of mesh fins and flow regime parameters 

were varied, are presented. Correlations for calculating the heat 

transfer coefficient for such surfaces based on experimental data 

are presented in [23]. Mesh-wire fins allow both transverse and 

longitudinal washing of mesh fins. The advantage of mesh fins 

is their high specific mass index, but the disadvantages are a ra-

ther low efficiency coefficient of mesh fins Е, as well as the pre-

disposition to contamination of mesh fins by indoor dust. There-

fore, the use of such surfaces is recommended in clean rooms. 

Thus, the plate and pin remain the most versatile and widely 

used fin shape with proven performance, cost and manufactur-

ing techniques. On the other hand, searching for new geometry 

and shape of fins of the heat sink with the aim of extracting the 

maximum increase in heat dissipation of the heat sink while re-

ducing (if possible) its aerodynamic drag and improving mass-

size indicators is still going on. To meet such requirements, a 

novel design of heat dissipating surface with lamellar fins and a 

maximum angle of taper of edge fins 29° was developed [24], 

and results of its heat transfer characteristics and aerodynamic 

drag investigation are proposed. 

2. Materials and methods  

2.1. Research methodology 

Studies of convective heat transfer and aerodynamic drag of sur-

faces with a flat base and lamellar fins under conditions of 

forced convection were carried out on the experimental setup, 

which is an open-type wind tunnel of a rectangular cross-section 

with dimensions (height × width) 40 × 85 mm (Fig. 1). 

The flow part of the experimental setup consisted of a work-

ing section (1) 400 mm long and two calming sections (2) 700 

mm long each. The detailed design of the working section is de-

picted in Fig. 1. The calming sections were intended for the 

alignment of flow velocity fields and static pressure. The flow-

ing part was connected to the inlet nozzle (5) through the transi-

tion diffuser (3). The inlet nozzle was profiled along the lemnis-

cate with an internal diameter of 42 mm. From the other side, 

the flowing part was connected to the suction centrifugal electric 

fan (6) through the transition confuser (4). The air flow rate 

through the fan was regulated smoothly by an autotransformer 

and by manual-operated dampers (8) to ensure flow rates less 

than 2 m/s (Wo < 2 m/s). 

The investigated heat sink (10) was installed in the working 

section. Heating of the heat sink was carried out with a spiral 
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ohmic electric heater (12). It was placed inside an insulated cas-

ing with an outer diameter of 50 mm. The casing was poured 

with aluminium oxide powder (Al2O3) (13) to ensure uniform 

heat input and reliable contact between the heater and the base 

of the heat sink. The casing with the heater was tightly fixed to 

the centre of the back part of the base (11). An autotransformer 

was used to power the heater. The autotransformer was con-

nected to the AC mains through a voltage stabilizer. 

To study the aerodynamic drag of heat sinks, two nozzles 

with a diameter of 1 mm were placed in the walls of the working 

section at a distance of 50 and 120 mm from the flow inlet and 

 

outlet from the heat sink respectively for taking static pressures. 

According to the value of pressure difference between the inlet 

and outlet flow static pressure drops were determined with the 

help of a micromanometer MMN-240. 

Figure 2 shows a photo of the experimental setup consisting 

of the following measuring instruments: 

• Prandtl-Pitot-Tube and micromanometer MMN-240 

with accuracy class 1.0, which were used to determine 

the dynamic nozzle pressure; 

• barometer-aneroid with accuracy class 1.0 to determine 

the ambient barometric pressure; 

• mercury thermometer with a scale value of 0.1ºC for 

determining the air temperature at the nozzle inlet;  

• a wattmeter with an accuracy class of 0.5 for measuring 

the electric power supplied to the heater of the surfaces 

under study; 

• multichannel data acquisition module ICP CON  

I-7018. 

Heat sinks of three designs were investigated (Figs. 3 and 4). 

It should be noted that the only difference between heat sinks of 

type 2 and type 3 was the fins cutting of the heat sink type 3. 

The main geometrical characteristics of the heat sinks under 

study are shown in Table 1. 

The lamellar fins were soldered into longitudinal grooves 

1 mm deep pre-milled in the base with a fin spacing of 

t1  = 6 mm for the surface of type 1. For surfaces of types 2 and 

3, the fin spacing at the flow inlet into the surface was 6 mm, 

and starting from the middle fin it decreased gradually on both 

sides and was 3 mm (t2 = 3 mm) at the outlet of the finned sur-

face. The taper angle between the fins varied from an angle  

φ = 0° (the central fin) to an angle β = 14.5° at the outermost fin. 

The greatest angle of taper between the two outermost fins was 

29° (φ = 29°). 

The full areas of the surfaces of types 1 and 2 had close val-

ues (the difference is less than 0.8%), in spite of the fact that the 

base area of the surface of type 2 decreased by ≈ 25%. Due to 

 

Fig. 1. Experimental setup: 1 – working section; 2 – calming sections; 3 – transition diffuser; 4 – transition confuser; 5 – inlet nozzle; 6 – electric fan; 

7 – thermal insulation; 8 – damper; 9 – Prandtl-Pitot tube; 10 – investigated heat sink; 11 – base of the investigated heat sink; 12 – electric heater; 13 

– aluminium oxide powder (Al2O3); 14 – cover of the working section; 15 – clamping frame. 

 

Fig. 2. Photo of the experimental setup. 
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the gradual increase in the fin length, the difference between the 

full areas of the surfaces turned out to be insignificant (Table 1). 

The total area of the surface of type 3 due to the cutting of fins 

was decreased relative to that of type 1 by 4.25%.

The finning coefficient (a ratio between the overall area of 

the finned surface and the area of the surface without finning 

(base) Ψ = Fall/Fb) of the type 2 and 3 samples is significantly 

higher than that of the type 1 sample because of a smaller base 

area of the type 2 and 3 samples. This parameter is widely used 

for convective heat transfer calculation of finned tubes [25], data 

generalization [26] and investigation of convective heat transfer 

and aerodynamic drag of bundles of transversely finned tubes 

[27]. 

The temperature field of the base of the heat sink surfaces 

was determined using six (No. 16) T-type thermocouples (of 

wire diameter 0.1 mm), which were placed on the base of the 

 

Fig. 3. Design of heat sinks: a – type 1; b – type 2; c  middle fin side view of the heat sink type 3. 

 
Fig. 4. External view of heat sinks: a – type 1; b – type 2; c  type 3. 

Table 1. Geometric characteristics of heat sinks. 

# Parameter Nomenclature Units 
Experimental heat sink type 

1 2 3 

1 Fin height  h mm 35.5 35.5 35.5 

2 Input/output fin pitch  t1/t2 mm 6/6 6/3 6/3 

3 Fin thickness  δf mm 0.5 0.5 0.5 

4 Middle fin length  lf mm 70 70 70 

5 Depth of cutting hc mm - - 21 

6 Cutting width  uc mm - - 1.0  

7 Width of cut fin segments  bc mm - - 6.1 

8 Input/output base width  w1/w2 mm 74/74 74/38 74/38 

9 Base length  Lb mm 70 70 70 

10 Base thickness  δb mm 2.5 2.5 2.5 

11 Number of fins Z  13 13 13 

12 Hydraulic diameter dh mm 11.0 11.0 11.0 

13 Total surface area  Fall сm2 709.7 704.2 679.7 

14 Area difference  ΔF %  0.8 4.25 

15 Finning coefficient  Ψ - 12.03 15.44 14.90 

16 Maximal taper angle  φ degree 0 29 29 

17 Surface material - - copper copper copper 
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heat sink as shown in Fig. 5. Additional thermocouples No. 78 

together with thermocouples No. 13 were intended for detect-

ing the temperature changing along the symmetry line and the 

air flow direction connected with air velocity change. Signals 

from thermocouples through a multichannel data acquisition 

module ICP CON I-7018 were transferred to the computer, au-

tomatically recorded and displayed on the computer monitor. 

The described above research methodology has such ad-

vantages: simplicity, reliability of methodology itself and ob-

tained results. The impossibility of correct defining of contact 

thermal resistance on the border between the basic surface and 

fin can be named as a disadvantage of the methodology. This 

methodology can be applied for experimental investigation of 

heat and aerodynamic characteristics of flat heat sinks with dif-

ferent types of fins, including applying different heat transfer 

intensifiers, and heat sinks based on heat pipes. 

2.2. Methods of measuring and processing experi-

mental data 

The study of patterns of convective heat transfer of heat dissi-

pating surfaces was reduced to determining the dependences of 

Nusselt numbers, calculated from the reduced convective heat 

transfer coefficients (αred), on Reynolds numbers. 

The average temperature at the base of the heat dissipating 

surface was calculated as the average of thermocouples 16 

(Fig. 5), using the ratio: 

 𝑇̅𝑏 =
∑ 𝑇𝑖

𝑁
𝑖=1

𝑁
, (1) 

where Ti – the base temperature at the mounting points of the 

thermocouples (16), N = 6 – the number of thermocouples. 

The reduced heat transfer coefficient was determined di-

rectly from the results of measuring the temperature field of the 

heat sink base using the formula: 

 𝛼𝑟𝑒𝑑 =
𝑄−𝑄𝑙𝑜𝑠

𝐹𝑎𝑙𝑙∙(𝑇𝑏̅̅ ̅̅ −𝑇𝑜𝑛)
, (2) 

where Q – power of the electric heater, W; Qlos – heat losses, W; 

Fall – total area of the heat transfer surface, m2; Ton – air temper-

ature at the inlet of the working section, K. 

The amount of heat dissipated by the heat sink was deter-

mined by the values of electric power supplied to the heater, tak-

ing into account the heat loss through the base by heat conduc-

tion into the lower wall of the working section of the wind tunnel 

and the heat that is withdrawn by radiation. Preliminary experi-

ments showed that the value of heat losses of heat sink amounts 

to 23% of the supplied electric power, and the heat dissipated 

from the surface by radiation did not exceed 22.5% of the total 

heat power dissipated by the heat sink. 

The air flow rate in the inlet nozzle was determined by the 

ratio: 

 𝑊𝑛𝑜𝑧 = 𝜉√
2g𝛥𝑃𝑑

𝜌𝑛𝑜𝑧
, (3) 

where g – gravitational acceleration, m/s2; ΔPd – difference of 

full and static pressure, Pa, ρnoz – air density in the nozzle, kg/m3, 

ξ = 0.99 – correction factor, set on the basis of calibration of the 

Pitot-Prandtl tube. 

According to the continuity equation, the flow velocity at the 

inlet to the working section before the heat sink was determined 

by the equation: 

 𝑊𝑜 = 𝑘𝑢 ∙ 𝑊𝑛𝑜𝑧, (4) 

where ku – is the coefficient, which is defined as: 

 𝑘𝑢 = 𝐹𝑛𝑜𝑧 𝐹𝑜𝑛⁄ , (5) 

where Fnoz – nozzle cross-section area, m2; Fon – cross-section 

area at the inlet of the working section, m2. 

 

Fig. 5. Location of thermocouples on the heat sink base: a – heat sink type 1; b – heat sink type 2, 3; 18 – numbers of thermocouples. 
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The air flow rate G in the cross-section of the working sec-

tion was determined by the following dependence: 

 𝐺 = 𝜌𝑛𝑜𝑧𝑊𝑛𝑜𝑧𝐹𝑛𝑜𝑧. (6) 

The hydraulic diameter of the heat sink cross-section dh at 

the inlet (dh = 11 mm) was taken as a defining size in Nusselt 

and Reynolds numbers, which proved to be good for defining 

size in similarity numbers [28]. The velocity in the working 

channel in front of the heat sink surface Wo was taken as a char-

acteristic air velocity. The physical properties of air λ, ν, which 

are included in the expressions for the numbers Nu and Re, were 

related to the flow temperature at the inlet to the heat sink sur-

face. The Nusselt and Reynolds numbers were determined as: 

 Nu𝑟𝑒𝑑 =
𝛼𝑟𝑒𝑑∙𝑑ℎ

𝜆
, (7) 

 Re𝑒 =
𝑊𝑜∙𝑑ℎ

𝜈
, (8) 

where λ – air heat conductivity, W/(m·K); ν – air kinematic vis-

cosity, m2/s. 

The aerodynamic drag of the investigated heat sinks was de-

termined in the conditions of isothermal flow at air temperatures 

Tо = 290300 K. Pressure losses caused by the heat sink were 

defined with taking into account friction pressure losses in the 

working section: 

 ∆𝑃 = ∆𝑃𝑠𝑡𝑎𝑡 − ∆𝑃𝑓𝑟𝑖𝑐 , (9) 

where ΔPstat – static pressure difference, Pa; ΔPfric – friction 

pressure losses, Pa. 

Based on ΔР values, the values of Euler's number Eu were 

determined: 

 Eu =
∆𝑃

𝜌𝑛𝑜𝑧∙𝑊𝑜
2. (10) 

2.3. Uncertainty analysis 

In this work, uncertainty analysis of direct and indirect measure-

ments was performed according to main recommendations of 

[29]. Direct measurements in this study include measurements 

of geometric parameters of the experimental setup and heat 

sinks, static and dynamic pressures, temperatures and heater 

electric power. Indirectly measured values are determined by 

calculations based on the results of direct measurements. These 

include: heat transfer coefficients α, flow velocity W, numbers: 

Reynolds Re, Nusselt Nu, Euler Eu. 

The general uncertainty of a direct measurement consists of 

systematic and random errors [30]. Primary analysis of the ex-

perimental data has shown that the order of systematic and ran-

dom errors is the same as for surface temperature measurement. 

Uncertainty of the other measurements was defined mainly by 

systematic errors connected with measurement apparatus errors 

and imperfection of the measurement method. The error of heat 

sinks geometrical parameters measurement was ±0.05 mm. Er-

rors of direct measurements of regime parameters were defined 

by the accuracy class of measurement apparatus and chosen 

range of measurement. 

The error of determining the surface temperature consists of 

the absolute error of thermocouples measurement and the error 

of thermocouples calibration. The absolute error of thermocou-

ples measurement was equal to 0.25 K. The error of thermocou-

ple calibration is not more than 0.2 K when an exemplary plati-

num-platinum-rhodium thermocouple is used for calibration. 

Then the absolute error of measurement of surface temperatures 

was: 

 𝑒 = [(0.25)2 + (0.2)2]0.5 ≈ 0.3 K. (11) 

The uncertainty of overall heat quantity which was transferred 

to the air was ±2.5%. 

Experimental data of heat transfer investigation were used to 

calculate the uncertainty of the reduced heat transfer coefficient 

αred and the corresponding Nusselt number. 

The uncertainty of determining the Euler number is mainly 

related to the error in measuring the static pressure differences 

ΔРstat before and after the lamellar-finned surface. 

The stability and repeatability of obtained data was ensured 

by multiple measurements of parameters. Thus, the duration of 

temperature measurement at a steady state condition was 1.52 

minutes which corresponded to 90120 measurements, and fluc-

tuations of inlet air temperature were insignificant (±0.3 K). 

Performed calculations have shown that the relative uncer-

tainty of the definition of heat transfer coefficient was not more 

than ±(5.46.7)%, of the Nusselt number ±(6.57.5)%, uncer-

tainty of Reynolds number calculation was not more than ±5.5% 

and for Euler number ±(1015)%. 

3. Results and discussion  

3.1. Heat transfer 

The research of heat transfer was performed in the range of 

Reynolds numbers Ree = 1 25010 500. It was intended to obtain 

the dependencies between the Nusselt numbers and Reynolds 

numbers of such a type: 

 Nu𝑟𝑒𝑑 = 𝐶𝑞 ∙ Re𝑒
𝑚, (12) 

where Cq – coefficient. 

Experimental results for heat sinks of types 13 are shown 

in Fig. 6. Analysis of the data presented in Fig. 6 indicates that  

a gradual decrease in the fin spacing from 6 mm to 3 mm of heat 

sink type 2 leads to an increase in the intensity of heat transfer 

by 1532% compared to the heat sink type 1 with constant fin 

 

Fig. 6. Results of the study of heat sinks heat transfer: 1 – heat sink  

type 1; 2 – heat sink type 2; 3 – heat sink type 3. 
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spacing (6 mm) due to a gradual increase in velocity in the inter-

fin channels. The flow velocity increased 2 times from the inlet 

to the outlet (t1 = 6 mm, t2 = 3 mm).  

Increasing the heat transfer intensity due to fin cutting (heat 

sink type 3) is explained as follows. The thickness of the bound-

ary layer on the fins increases as flow moves along them when 

flowing on the type 1 heat sink (without fins cutting). This leads 

to the deterioration of heat transfer between fins and air flow. 

Partial cutting of fins into narrow sections, as it was done on the 

type 3 sample, leads to: destruction of the growing boundary 

layer, its disruption from the edges of the cut narrow parts, split-

ting it into thinner sections, increasing the flow disturbance in 

the area of fins cutting [15]. The combination of these factors 

and increasing the flow velocity in the inter-fin channels leads 

to an increase of the heat transfer intensity of the heat sink of 

type 3 by 3555% in comparison with that of type 1. 

Values of the exponent m in Eq. (12) for all investigated heat 

sinks exhibit small differences, but the tendency of their increas-

ing is observed (Table 2). 

3.2. Aerodynamic drag 

Figure 7 presents the results of studies of aerodynamic drag of 

heat sinks of types 13 in the form of dependencies of Euler 

numbers (Eu) on Reynolds numbers (Ree). These results can be 

generalized with such a function: 

 Eu = 𝐶𝑆 ∙ Re𝑒
−𝑛, (13) 

where CS – coefficient. Table 2 shows values of the exponent n 

and the CS coefficient in Eq. (13). 

The data in Fig. 7 demonstrate a high aerodynamic drag of 

heat sinks type 2 and 3, which is 7.5 times higher than that of 

type 1. 

A high aerodynamic drag of the type 2 heat sink is connected 

with a gradually increasing velocity in the narrowing channels 

between the fins in which the outlet velocity is 2 times higher 

than the inlet velocity. Some decrease in the aerodynamic drag 

by 615% of the type 3 heat sink is connected, in our opinion, 

with the air flowing mainly from the inter-fin gaps of the outer-

most fins into the expanding channel formed by the straight side 

walls of the channel and the outermost fins, which resulted in a 

decreasing of the speed in the outermost inter-fin channels of the 

heat sink. 

The proposed forms of correlations for heat transfer (12) and 

aerodynamic drag (13) are suitable for a wide range of heat sink 

geometrical sizes and fins quantity. But in some cases, addi-

tional experimental investigations are necessary for the specifi-

cation of coefficients Cq, CS and exponents m and n. Coefficients 

and exponents listed in Table 2 are applicable to heat sinks with 

the same ratio between the height, length, thickness and fin 

pitch, the same taper angle and relative depth of fin cutting as 

for the investigated heat sinks. Taking into account that the hy-

draulic diameter dh was chosen as a defining size of Re and Nu 

numbers, significant changes in heat sink geometry need the cor-

rection of coefficients and exponents by means of additional 

study. It should be noted that the geometrical form of the heater 

does not influence the form of correlations for heat transfer and 

aerodynamic drag, but values of the base temperature and their 

distribution depend on the method of heating and additional in-

vestigations are necessary for their defining in any single case. 

3.3. Overheat temperature of heat sink base 

One of the main parameters for the evaluation and selection of 

a finned sink for electronics cooling is the base overheating tem-

perature ΔT at a given heat flow Q, which is removed from the 

heat loaded electronic components to the base of the heat sink. 

We distinguish between an average overheating temperature of 

the base and a maximum overheating temperature. The average 

overheating temperature is the difference between the average 

temperature of the base, which is averaged over the readings of 

thermocouples located on the base, and the value of the cooling 

medium temperature Ton: ∆𝑇̅𝑏 = 𝑇̅𝑏 − 𝑇𝑜𝑛. The maximum over-

heating temperature of the base is the difference between the 

maximum temperature of the base and the cooling medium tem-

perature (air temperature at the inlet to the heat sink). 

Figure 8 shows changes of the overheating temperature 

along the flow direction in the inter-fin channels of heat sinks 

type 13 according to the readings of thermocouples T1T3, T7, 

T8 (Fig. 5). The dashed vertical lines indicate the boundaries of 

the heat sink, and lines II and IIII are the boundary within 

which the electric heater is installed on the base. 

The curves ΔТ = f(L) for the three types of heat sinks are 

qualitatively similar. At the inlet of the flow, the base overheat-

ing temperature is lower, because the flow has the air inlet tem-

perature (T7), and as it moves deeper, it warms up, and the tem-

perature of the base increases and has a maximum in the centre 

of the heater at point T2. Further, as the flow moves toward the 

outlet, the overheating temperature decreases slightly at point 

Table 2. Values of the exponents m, n and coefficients Cq, CS in Eqs. 

(12) and (13). 

Heat sink 
type 

t1/t2 
m /mm 

hс/h m Cq n CS 

1 6/6 - 0.4715 0.3210 0.2409 1.7672 

2 6/3 - 0.5188 0.2777 0.2268 12.259 

3 6/3 0.6 0.5333 0.2894 0.1540 5.9526 

 

 

Fig. 7. Results of the study of aerodynamic drag of heat sinks:  

1 – heat sink type 1; 2 – heat sink type 2; 3 – heat sink type 3.  
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T3, and at the outlet of the inter-fin channels has a temperature 

3°C less than at point T2 for the type 1 heat sink. The overheat-

ing of the base of the type 1 heat sink remains high due to the 

fact that the average flow velocity in the inter-fin channels re-

mains approximately constant. The overheating temperatures 

along the symmetry axis of the type 2 and 3 heat sinks differ 

significantly from the overheating temperatures of the type 1 

heat sink due to gradual narrowing of inter-fin channels from 

t1 = 6 mm to t2 = 3 mm and increase in velocity at the outlet by 

2 times. For this reason, the level of overheating temperatures 

decreases at point T2 by 7°С and 10°С for heat sinks of type 2 

and 3, respectively at inlet flow velocity Wo ≈ 7.4 m/s. 

For the air velocity Wo ≈ 4 m/s, decreasing the overheating 

temperature in point T2 for heat sinks of type 2 and 3 in com-

parison with the heat sink of type 1 is 10°С and 13°С, accord-

ingly. The type 3 heat sink with transverse incompletely cut fins 

has the lowest maximum overheating temperature at point T2 of 

the heat sinks compared. This can be explained by turbulizing 

of the flow due to its disruption from the edges of the incised 

parts of the fins, which leads to an increase in the intensity of 

heat transfer, while the temperature of the base decreases. In 

general, the level of temperature overheating along the length of 

the base for heat sinks of type 2 and 3 is significantly lower than 

that for the heat sink of type 1 at the same flow velocities and 

heat flow value of Q = 100 W. 

Figure 9 shows experimental data for the dependence of the 

maximum overheating temperature of the base ΔТmax on the flow 

velocity at the inlet to the heat sink Wo. 

Maximum overheating temperatures of the base for the three 

types of heat sinks decrease with the increasing speed, but the 

level of temperature overheating significantly differs. For heat 

sinks of type 2 and 3, the values of ΔТmax are 7.510°C lower 

and 1013°C lower, respectively, than those of heat sink type 1. 

The explanation of this difference is the same as the described 

above difference between curves ΔТ = f(L) depicted in Fig. 8. 

The results presented in Fig. 9 also show that in order to 

achieve a constant maximum overheating temperature equal to 

ΔТmax = 40°C for the type 1 heat sink, the inlet air velocity must 

be at least Wo = 5.5 m/s, for type 2  Wo = 3.12 m/s, for type 3  

Wo = 2.67 m/s. For the maximum overheating temperature of the 

base ΔТmax = 35°C, the inlet flow velocities should be for the 

type 1 heat sink equal to Wo = 7.48 m/s, for type 2  Wo = 4.24 

m/s and for type 3  Wo = 3.51 m/s (Table 3). Conclusively, we 

can say that the novel heat sinks of types 2 and 3 significantly 

reduce the maximum overheating temperature of the base. 

The dependence of pressure loss ΔP on the inlet flow veloc-

ity Wo is depicted in Fig. 10. The dashed lines highlight the val-

ues of pressure losses at the maximum overheating temperature 

ΔTmax 35°С and 40°С. The relative growth of pressure losses at 

overheating of the base ΔTmax 40°С and 35°С is 2.742.79 times 

and 1.5 times for heat sinks of type 2 and 3, respectively (Table 

3), which is quite acceptable. 

4. Conclusions  

Novel heat sinks with lamellar fins and variable fin spacing, de-

signed for electronics cooling, have a high heat transfer inten-

sity. 

Gradually reducing the fin spacing leads to an increase in the 

heat transfer intensity by 1530%. 

The combination of factors of speed increasing in inter-fin 

gaps and partially cutting of fins allows us to increase the heat 

transfer intensity by 3555% in comparison with the heat trans-

fer intensity of traditional heat sinks with lamellar fins. 

 

Fig. 8. Dependence of the overheating temperature ΔT of the heat sink 

base along the longitudinal axis of symmetry on the base length L at 

Q = 100 W: 1, 2 – heat sink of type 1 at Wo values 7.35 and 3.96 m/s; 

3, 4 – heat sink of type 2 at Wo values 7.35 and 3.98 m/s; 5, 6 – heat 

sink of type 3 at Wo values 7.48 and 4.03 m/s; Т1Т3, Т7, Т8 – num-

bers of thermocouples according to Fig. 5; I-I, II-II – boundaries of the 

electric heater body. 

 

Fig. 9. Dependence of the maximum overheating temperature of the 

base ΔТmax on the flow velocity Wo at the inlet at Q = 100 W: 1 – heat 

sink of type 1; 2 – heat sink of type 2; 3 – heat sink of type 3.  

Table 3. Comparison of the obtained data at the same Q and ΔTmax. 

Heat sink 
type 

Q, W ΔTmax, °C Wo, m/s ΔP, Pa ΔPi/ ΔP1 

1 100 40.0 5.49 9.1 1.0 

2 100 40.0 3.12 25.4 2.79 

3 100 40.0 2.67 14.0 1.54 

1 100 35.0 7.48 15.5 1.0 

2 100 35.0 4.24 42.4 2.74 

3 100 35.0 3.51 24.0 1.55 
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The aerodynamic drag of heat sinks with the gradually de-

creasing spacing between the fins increases by 77.5 times rel-

ative to the drag of traditional heat dissipating surfaces with la-

mellar fins. 

The maximum overheating temperature of the base for the 

novel heat dissipating surfaces with gradually decreasing spac-

ing between the fins is 713°C lower than that for traditional 

heat sinks with lamellar fins. 

The pressure losses for the novel heat sinks at the same heat 

load and overheating temperature of the base are significantly 

reduced from 77.5 times to 1.542.74 times. 

Novel designs of heat sinks allow for improving the mass-

size indices by 2025% at equal conditions. 
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