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Abstract 
 
Requirements for increasing thermal efficiency heat exchangers, which lead to energy saving, material and reduction cost, and as a result 
of reducing the impact on the environment, led to the development and use of various methods of increasing heat transfer. These methods 
are called intensification of heat transfer processes. Intensification of heat and mass transfer processes is of great importance for making 

progress in improving the existing and creation of new energy and heat-exchange equipment. Among the ways of intensifying heat trans-
fer, the swirling of flows of working media is one of the simplest and most common methods and is widely used in energy-intensive 
channels of nuclear power plants, heat exchangers, aeronautical and rocket and space equipment, chemical industry and other technical 
devices. We have proposed formulas to determine the cooling air velocity necessary to ensure the required temperature condition of the 
traction motor assemblies. Decrease in the power of fans in the cooling system using the artificial heat transfer intensification in the ducts 
was estimated based on the generalization of the results of calculations. 
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1. Introduction 

The reliability and economical operation of electric machines are 
inextricably linked with the problem of the efficiency of cooling 
their structural elements. The permissible load of any equipment is 
usually determined by heating of the most sensitive elements of 
electrical insulation. The permissible heating temperatures are 
regulated depending on the properties of the electrical insulation 

materials [1]. Thus, the maximum permissible temperature is 
105°C for heat resistance class A insulation and 120°C for class E 
insulation. In accordance with the thermal operating conditions of 
electrical insulation, the temperature of the armature for most 
types of traction motors installed in locomotives should not ex-
ceed 120-140°C, and that of the main and additional poles - 130-
160°С.  
The armature cores are cooled with air which is blown through the 

ventilation ducts, which are formed during the assembly of the 
core of electric steel stamping sheets with vent openings. The 
cooling system is usually made in the form of ducts of circular or 
rectangular cross-section (the ratio of the section sides of the rec-
tangular ducts is 0.3 to 0.5). The length of the ducts is 0.32 to 0.42 
m for ED engines, and 0.3 m for GS engines. The rated air veloci-
ty in cooling system ducts is 14.75-28.9 m/s for ED engines, and 
about 40 m/s for GS engines. The power to the fan drive, neces-

sary to ensure the required temperature level, is 8-10% of the 
power of the traction. 

2. Analysis of Recent Studies and Publications 

In general, heat transfer in cylindrical tubes and non-circular ducts 
is calculated using the same criteria equations, using the equiva-

lent diameter of the cross section as the characteristic size for 
ducts of a complex shape. However, the flow of the substance in 
direct non-circular ducts is complicated by a number of features vs. 
the flow in a circular tube, the main one of which is that the hy-
drodynamic characteristics of the flow change along the perimeter 
of non-circular ducts. Due to the overlapping of boundary layers, 

developed laminar regions and secondary flows are formed near 
the angles, directed along the bisectors to the duct angles. The 
noted features of the flow naturally cause the uneven distribution 
of the local values of heat transfer coefficients along the perimeter 
of the duct. Due to overlapping of the boundary layers near the 
angles, the heat transfer intensity in these areas is lower than in the 
middle of the sides [2]. In the central part of the perimeter of rec-
tangular ducts, the heat transfer coefficient is approximately 10-

15 % higher, and in the angular part it is 25% lower than the mean 
cross-sectional values. Such a distribution of heat transfer coeffi-
cients along the perimeter can cause heating of the material of the 
structures which are adjacent to the angular areas.  
Since part of the energy generated by the power plant of the loco-
motive is used for driving the fans of the cooling system of trac-
tion motors, the efficiency of heat removal affects significantly not 
only the thermal state of the engine structure, but also the efficien-

cy factor of the power plant and fuel consumption.  
One of the ways to improve the performance of the cooling system 
is providing conditions to increasing the heat transfer coefficients 
between the duct walls and the coolant. Intensified heat transfer in 
the ducts with a fixed thermal load causes either a decrease in the 
required flow rate of the heat carrier for the same heat transfer 
surface, or a decrease in the heat transfer surface area at a constant 
flow rate of the coolant. Devices for the heat transfer intensifica-

tion are successfully used in various types of equipment. Thus, for 
example, the use of annular diaphragms and grooves enables the 
reduction of the weight and volume of the heat transferring part of 
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gas and water refrigerators by a factor of 1.5 [3]. Reduction of the 
heat transfer surface of a circular tube using the trip wire for the 
range of 5·103<Re<20·103, according to [4,5,6], is about 30%. 
The use of tubes with serrated helical fins enables to reduce the 
dimensions of the heat exchanger by 1.5 to 1.75 times [7,8]. The 
use of tubes with grooved spiral fins of convective heating surfac-
es of boiler units allows considerable increase in the intensity of 
heat transfer vs. the tubes with continuous finning. According to 

the findings of [9], such increase will be 32 to 43% for the stag-
gered tube banks and 17 to 32.8% for in-line tube banks. 
The most common techniques of heat transfer intensification in 
the ducts are increase of heat outlet due to creation of higher levels 
of external flow turbulence and use of surfaces with artificial 
roughness. In the first case, the turbulence is increased due to 
perturbations directed from the floe core, in the second case, the 
intensification of heat transfer occurs due to perturbations in the 

wall layer. The expediency of applying of a specific method of 
intensity is decided upon for each specific case separately. 
There are various measures to create wall turbulence, but their 
essence is providing conditions to remove the boundary layer from 
the wall. Moreover, according to multiple authors, turbulence with 
sharp outlines should be avoided [2]. In the powerful vortices 
arising before and behind them, energy dissipation is commensu-
rate or even exceeds turbulence in them [10], which is associated 

with large hydraulic losses. 

3. Determination of the Purpose and Problem 

of the Study 

The implementation of surfaces with wall swirlers for cooling 
systems of electric motor rotors is difficult from the technological 
point of view. Using the flow twisting devices, such as spiral in-
serts, twisted tapes, tangential inlet of the cooling heat carrier, can 
be more suitable in this case. 
When spiral wire or tape swirl generators are used, the increase in 
the heat transfer intensity due to local separation of the boundary 
layer is supplemented with the flow swirling effect [11,12]. In turn, 

the loss of pressure in such a system is determined by the friction 
of the swirled flow, separation of the vortices from the edge of the 
swirler and the energy consumption for vortex formation.  
The use of twisted tapes seems to be the most promising options 
for the cooling systems of stators of traction motors, which are 
easy to manufacture and mount, require low material consumption, 
can be used both in designing new cooling systems and upgrading 
the existing equipment. 

The basic geometric characteristic of spiral inserts, which deter-
mines the processes of heat transfer and pressure loss in the heat 
carrier flow, is the pitch of twist of the spiral (S), which is equal to 
the axial dimension when the tape is rotated 360° (Figure 1). 

 
Fig. 1: Installation of the tape swirl generator in the rectangular duct  

Equations for finding of heat transfer and pressure loss coeffi-
cients in the ducts with tape swirl generators are given below: 

Criteria equations for calculation of heat transfer and pressure 
losses in the rectangular duct are [13]: 
 - heat transfer 
 

𝑁𝑢 = 0.023 ∙ 𝐴1 ∙ 𝑅𝑒𝑛1 ∙ 𝑃𝑟0.43 ∙ (
𝑃𝑟

𝑃𝑟ст
)

0,25
 ,                                  (1) 

 
where 
 

𝐴1 = (1 +
ℎ

𝑠
)

14.05
;   𝑛1 = 1.727 − 0.927 ∙ (1 +

ℎ

𝑠
) 

- hydraulic loss factor 
 

ξ = 0,334 ∙
A2

Ren2
                                                                             (2) 

 
where  
 

𝐴2 = (1 +
ℎ

𝑠
)

9.4
;   𝑛2 = 0.5 − 0.25 ∙ (1 +

ℎ

𝑠
) 

 
Criteria equations for calculation of heat transfer and pressure 
losses in the circular tube are [14]: 
- hear transfer 
 

𝑁𝑢 = 0.023 ∙ А1
∕

∙ 𝑅𝑒0,8 ∙ 𝑃𝑟0.43 ∙ (
𝑃𝑟

𝑃𝑟ст
)

0,25
             (3) 

 
where 

 

А1
∕

= 1 +
5,65 ⋅ 104

𝑅𝑒1.2
⋅

𝑑

𝑠
; 

 
- hydraulic loss factor [15] 
 

𝜉 = 0,316 ∙
А2

∕

𝑅𝑒0.25
                              (4) 

 
where 
 

𝐴2
∕

= 1 + 14.35 ∙ (
𝑑

𝑠
)

4

 

 

The following indications are adopted in the above formulas: 
Nu – Nusselt criterion; Re – Reynolds criterion; Pr – Prandtl num-
ber for cooling air at a mean temperature; Prст – Prandtl number 
for cooling air at a temperature of the wall; h – height of the rec-
tangular duct; d – diameter of a cylindrical tube. 
The diameter is accepted as a characteristic dimension to deter-
mine Nusselt and Reynolds criteria for the circular tube, and the 
equivalent diameter for the rectangular duct, which is calculated 

using the formula 
 

𝑑э =
4⋅𝑓

𝑝
,                                                                                         (5) 

 
where f  – cross-sectional area; р – perimeter. 
The purpose of this article is to evaluate the effect of the geomet-
ric parameters of inserts in the form of a twisted tape on the power 
of the fans spent for pumping the air through the ducts of the cool-
ing system of the rotor of traction motors. 

The main part of the study. The power of the drive of cooling fans 
depends on the air flow V, pressure losses during the air motion 
ΔР and efficiency factor of the fan ηв. In general, the design for-
mula for power value is as follows: 
 

𝑁 =
𝑉⋅∆𝑃

𝜂в
.                                                                                        (6) 

 
Pressure losses during the medium motion in the ducts can be 

determined using the formula [15] 
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Δ𝑃 = 𝜉 ∙
𝑙

𝑑
∙ 𝜌 ∙

𝜔2

2
,                                                                          (7) 

 
where l – length; d – duct diameter; ρ – specific gravity of the 
medium; ω – velocity. 
For instance, the formula (2) can be used to determine the pressure 
loss coefficient in the “smooth” rectangular duct. If h/s = 0 is 
plugged in 
 

𝜉0 =
0.334

𝑅𝑒0
0.25.                                                                                     (8) 

 

where 𝑅𝑒0 =
𝜔0 ∙𝑑э

𝜈0
 – Reynolds criterion; dэ – equivalent duct di-

ameter;  ν0 – kinematic viscosity coefficient of the medium. 
The rate of the cooling heat carrier in the duct ω0 can be deter-

mined using the continuity equation 
 

 𝑉0 = 𝜔0 ∙ 𝑓.              (9) 

 
In view of the dependencies (7), (8), (9) the equation (6) for the 
“smooth” rectangular duct is written as 

 

𝑁0 =
0.334∙𝜔0

2.75∙𝜈0
0.25∙𝑙∙𝑓∙𝜌0

2∙𝑑э
1.25∙𝜂в

.                                                      (10) 

  
In view of the dependency (2), (7) the power spent for the drive of 
the cooling fans, if the tape swirl generators are used for intensifi-

cation of heat transfer processes, is 
 

𝑁 =
0.334∙𝐴2∙𝜔3−𝑛2∙𝜈𝑛2∙𝑙∙𝑓∙𝜌

2∙𝑑э
𝑛2∙𝜂в

.                           (11) 

 
The change of power of cooling fans when inserts for artificial 
heat transfer intensification are used in the rectangular ducts is 
evaluated using the ratio 
 
𝑁

𝑁0
= 𝐴2 ∙

𝜔3−𝑛2

𝜔0
2.75 ∙

𝜌

𝜌0
∙

𝜈𝑛2

𝜈0
0.25 ∙ 𝑑э

0.25−𝑛2 .                        (12) 

 
Similarly, using the data [16, 17] on the hydraulic loss coefficients 
in the cylindrical tubes with helical inserts, an equation for deter-
mination of the change of power of the fans when tape swirl gen-
erators are used in the circular ducts can be obtained. The equation 
is as follows 
 
𝑁

𝑁0
= (

𝜔

𝜔0
)

2,75
∙ (

𝜈

𝜈0
)

0,25
∙

𝜌

𝜌0
∙ 𝐴2

∕
.                             (13) 

 
The velocity of the heat carrier in the duct can be determined 
based on the analysis of the heat removal conditions. The thermal 
balance of the duct of the cooling system without artificial heat 
transfer intensification is as follows 
 

𝑄0 = 𝛼0 ∙ 𝐹 ∙ (𝑡ст.0 − 𝑡ср.0) = 𝐺0 ∙ 𝑐 ∙ (𝑡вых.0 − 𝑡вх.0),                (14) 

 

where Q0 – heat consumption (necessary heat removal); α0 – heat 
emission coefficient; F – heat transfer surface area; tст.0 – tempera-
ture of the duct wall; tср.0 = 0,5·(tвх.0 + tвых.0) – mean temperature 
of the heat carrier; tвх.0 , tвых.0 – duct inlet and outlet temperature of 
the heat carrier, respectively; G0 – mass flow of the cooling heat 
carrier; с – specific heat capacity of the heat carrier. 
Heat emission coefficient from the duct surface to the cooling heat 
carrier without artificial heat transfer intensifiers α0 can be deter-

mined, for instance, from the equation (1), if the value h/s = 0 is 
plugged in. The velocity value of the cooling medium ensuring the 
required temperature of the walls in the “smooth” rectangular duct 
obtained from the balance ratio (14) is 
 

𝜔0 = [
0.023∙(𝜃0−0.5)∙(

𝐹

𝑓
)

𝑃𝑟0
0.57 ]

5

∙ (
𝜈

𝑑э
),                             (15) 

 

where Θ0 = (tcт.0 – tвх.0) / (tвых.0 – tвх.0)  – relative temperature of the 
wall of the “smooth” duct.  
Since for the rectangular ducts, the ratio of the heat transfer areas 
to the cross-section is F/f = 4·l/dэ, for the air cooling systems 
manufactured from the rectangular ducts, the equation (15) is as 
follows 
 

𝜔0 = [0,112 ∙ (𝜃0 − 0.5) ∙
𝑙

𝑑э
]

5
∙ (

𝜈

𝑑э
),                                         (16) 

 
where l – duct length. 

The change of the air velocity ensuring the required temperature 
of the walls in the “smooth” rectangular duct with a cross-section 
of 11*23 mm, 0.38 m long is shown in Figure 2,a. 
The shown curve illustrates the cooling modes of the duct walls 
within the range 95 ≤ tст ≤ 105°С at the inlet air temperature in the 
cooling system tвх.0 = 20°С. When the temperature values of the 
duct walls and the duct inlet cooling air temperature are constant, 
the in crease of the relative temperature Θ0 means the outlet air 

temperature reduction thus requiring the increase of velocity, and 
consequently, the cooling air consumption.  
If the temperatures of the “smooth” duct and the duct with heat 
transfer intensification are equal tст = tст0 and the inlet air tem-
perature in the cooling system is equal, air velocity in the ducts 

 
 

                              a                      b 

Fig. 2: Change of the ventilation air velocity in the ducts of the cooling 

system of the electric motor: a – without flow swirling; b – with the ducts 

with tape swirl generators. 1 – rectangular duct; 2 – cylindrical duct. 

with swirl generators can be found using the equation (17), ob-
tained from the balance ratios for the cooling system  
 
𝐺∙𝑐

𝛼∙𝐹
= 𝜃1 + Φ0 ∙ 𝜃2 ,                                                                      (17) 

 
where  
 

θ1 =
(𝑡вых.0 − 𝑡вых)

2
∙ (𝑡вых − 𝑡вх);  θ2 =

(𝑡вых.0 − 𝑡вх)

(𝑡вых − 𝑡вх)
; 

 

 Φ0 =
𝐺0∙𝑐

𝛼0∙𝐹
;  𝐺0 = 𝜔0 ∙ 𝜌0 ∙ 𝑓;  𝐺 = 𝜔 ∙ 𝜌 ∙ 𝑓- mass air flow in the 

smooth duct and in the duct with a swirl generator, respectively. 
After the transformations, the expression for the velocity of the 
heat carrier in the rectangular duct with a helical insert is written 

as 
 

 𝜔 = [(𝜃1 + Φ0 ∙ 𝜃2) ∙ 0,023 ∙ 𝐴1 ∙ (
𝐹

𝑓
) ∙ 𝑃𝑟0.57]

𝑘1

∙ (
𝜈

𝑑э
),          (18) 

 

where   𝑘1 =
1

1−𝑛1
. 

Since the Prandtl number for the air within the range of operating 
temperatures, which are characteristic for the thermal modes of the 
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traction electric motors, is practically constant, the expression (18) 
for air cooling systems made of rectangular ducts can be trans-
formed as  
 

𝜔 = [(𝜃1 + Φ0 ∙ 𝜃2) ∙ 0,112 ∙ 𝐴1 ∙ (
𝑙

𝑑э
)]

𝑘1

∙ (
𝜈

𝑑э
),                       (19) 

 

When the manufacturing options of the cooling systems are com-
pared, the flow velocity values of the heat carrier in the duct with 
a rounded tape ω1 are notable, where the same heat transfer coeffi-
cients are ensured as in the “smooth” duct. The value of this ve-
locity for the rectangular ducts can be obtained from the equations 
(1), (16). After transformation, we obtain  
 

𝜔1 = [𝜔0
0,8 ∙ (

𝜈

𝑑э
)

𝑛1−0.8
∙ (

1

𝐴1
)]

1

𝑛1
∙                                              (20) 

 
Measuring ω1 velocity in the ducts depending on the parameters of 
the twisted tape is shown in Figure 2,b. The provided design data 
illustrate the mode which is characterized with the following con-
ditions: temperature of the duct wall tст = 100°С, inlet air tempera-
ture in the cooling system tвх = 20°С, outlet air temperature tвых = 
50 °С. According to Figure 2,b, flow whirling with a tape swirl 

generator causes the reduction of the air flow velocity necessary to 
cool the duct walls. With small twist pitches, the cooling air veloc-
ity should be about twice as low to ensure the same heat transfer 
coefficients as in the “smooth” duct. According to Figure 3, when 
twisted tapes are used to intensify the heat transfer process in the 
ducts, the power required for performance of the fans of the cool-
ing system can be reduced by at least 12%. The design parameters 
have been obtained on the basis of (13) taking into account (15) 

and (20). 
Taking into account the specific flow in the non-circular ducts, a 
different degree of effect of tape swirl generators on the intensity 
of heat transfer and loss of pressure in such ducts and in cylindri-
cal tubes should be expected. In the non-circular ducts, the inserts 
are expected to have a more material effect on the average heat 
transfer coefficients resulting from the action of perturbations 
caused by flow swirling on the angular areas.  

 
a    b 

Fig. 3: Power loss of the fans of the cooling system of the traction motor 

with intensified heat transfer 

a – tcт = 100°C, tвх = 20°C; b – tcт = 100 °C, tвх = 20 °C;  

1 – (tвых – tвх) = 27.5°C; 2 – (tвых – tвх) = 30°C; 3 – (tвых – tвх) = 35°C. 

Comparison of the intensity of heat transfer in a circular tube and 
in a rectangular duct with a 1: 3 aspect ratio when the flow is 
swirled with a tape swirl generator is shown in Figure 4. The cal-
culations have been performed using formulas (1) and (3). Ac-
cording to Figure 4, using tape swirl generators in the rectangular 
duct provide better effect of the increase of heat transfer coeffi-

cients (about by 7-13 %), than in a circular tube. 

However, the pressure loss is also higher in the rectangular duct. 
For the considered flow parameters in the calculations, an excess 
of pressure losses of about 7-19% is recorded. 
The change of the power spent for air pumping through the cylin-
drical ducts of the cooling system can be evaluated using the for-
mula (13) taking into account the dependency (20). The results of 
the calculations are shown in Figure 5.  

 
Fig. 4: Intensity of heat transfer in the rectangular duct and circular tube 

when the flow is twisted 

_____ rectangular duct; _ _ _ _ circular tube [10]; 

1 – S/h = 7.13; 2 – S/h = 14.66; 3 – S/h = ∞; 

B = Nu / [ Pr
0.43

 · (Pr / Prст)
0,25 

]. 

It also includes results of calculations for a rectangular duct. 

Comparison has been performed under the condition that the di-
ameter of the cylindrical duct and the equivalent diameter of a 
rectangular duct are equal. The temperature regime for the com-
pared cases is characterized by the values tст = 100 °С and tвх = 
20 °С. 

 
 

Fig. 5: Comparison of the power of the fan of the cooling system of the 

traction electric motor when the air flow is twisted in the duct  

1 – rectangular duct, 2 – circular tube. 

 

Figure 5 shows that despite the use of tape swirl generators in a 
rectangular duct allows a more significant cooling air velocity 
decline (and consequently, the air consumption) vs. a circular tube, 
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advantages of a particular one of the considered shapes of the duct 
cooling system could not be identifies. 

 

4. Conclusions and Prospects of the Study, 

Further Development in This Field 

1. Installation of tape swirl generators in the ducts of the cooling 
system of traction electric motors results in an increase in the av-
erage heat transfer coefficients by a factor of 1.5-2. Calculation 

formulas are proposed for determining the velocity necessary to 
ensure the temperatures of the structural elements. 
2. The intensified heat transfer rate ensures the possibility of re-
ducing the cooling air consumption. Despite the increased pres-
sure along the air flow path, the use of tape swirl generators al-
lows to reduce the share of power of the energy generating plant 
spent for the drive of cooling fans. 
3. The level of reduction in the required power for fans of the 

cooling system depends on the twisting pitch of the tape swirl 
generator, the operating temperature of the engine and is at least 
12%.  
4. Despite the varying degree of effect of tape swirl generators on 
the friction and heat transfer characteristics in the circular and 
rectangular ducts, no material effect of the shape of the path on the 
change in the power of the cooling fans has been recorded. 
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