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Abstract. The article discusses the features of the creation and use of efficient heat exchanger. Designs 

of pipes with a developed heat exchange is presented. The procedure for determining the degree of 

development of the heat exchanging surface, the heat transfer coefficient, and the calculation of the heat 

transfer equation are given. As a result of creating efficient heat exchangers, three main parameters are 

used: the pipe outside diameter; the estimated flow rate; the Prandtl number. 

Introduction  

The heat exchanger will be easier to transfer heat if the 

heat carrier with higher values of temperature and 

pressure is directed inside the pipes. This allows, in the 

first case, to consume highly scarce high-alloy steels 

only for the tube sheet, and to make the casing from 

simpler materials. In the second case, it is easier to 

clean the pipes during the operation of the heat 

exchangers. As a rule, media for which pressure losses 

are limited (and these are usually gaseous media with 

lower pressure) are more conveniently located outside 

the pipes; By changing the steps of placing pipes in the 

bundle, the number of strokes in the annular space, it 

is possible to withstand the specified pressure loss. 

1.1. Tubular-fin heat exchanger 

If one of the coolants evaporates or condenses, then it 

is more convenient to send it to the annular space, 

otherwise, as a rule, an uneven distribution of the 

coolant flow through the pipes and a decrease in the 

efficiency of the apparatus are inevitable. 

Despite the variety of heat exchangers used, it is 

possible to briefly formulate the basic requirements for 

them of a thermal, hydrodynamic, constructive, 

operational and technological nature: - maximum 

compactness, i.e. the device at the given values of 

thermal power and power for pumping heat carriers 

has a low weight and overall dimensions. 

The solution to the question of which coolant 

should be directed inside the pipes, and which outside, 

depends on the pressure and temperature of the media, 

the convenience of the arrangement of the apparatus in 

the technological scheme in which it operates, on the 

aggressiveness of the coolant and the heat exchange 

surface it pollutes, on the permissible pressure losses 

along coolant. Of all the existing types of recuperative 

apparatuses, lamellar-ribbed ones have the greatest 

compactness, they allow placing up to 1500 m2 of heat 

exchange surface in 1 m3 of apparatus volume. The 

bodies of such devices are usually made rectangular, 

which excludes their use at high temperatures and 

pressures of coolants. 

One of the varieties of tubular apparatuses are 

tubular-ribbed. They are used in cases where the heat 

transfer coefficient outside the pipes is many times less 

than the heat transfer coefficient inside the pipes. An 

increase in the heat exchange surface outside the pipes 

and additional turbulization of the flow by the fins can 

significantly increase the heat removal from the 

surface of the heat exchange pipes. 

Improving the heat-hydrodynamic characteristics 

of heating surfaces is possible in several ways, one of 

which is the development of the inner and outer 

surfaces of pipes by radial indentation of sections of 

the pipe wall with the formation of depressions and 

protrusions of various profiles (Fig.1). 
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Fig.1. Scheme of the surface of the heat exchanger with triangular annular depressions and projections [1] 

 

An increase in the surface of the heat exchanger 

allows one to obtain a significant development of 

surfaces washed by heat carriers inside and outside, as 

well as to intensify heat transfer due to turbulization of 

flows in recesses and depressions. 

If we represent approximately the surface profile 

as a sequence of triangular protrusions and depressions 

and neglect the shell thickness, then a simple 

geometric analysis shows that the degree of 

development of the channel ψ =Ftrain./Fsp  depends on 

the angle at the apex of the triangular protrusion β (0 

<β <π) and its height h: 

 

Ψ=
𝐹𝑡𝑟

𝐹𝑠𝑝
=

1

sin(
𝛽

2
)

(1 −
ℎ

𝑑𝑡𝑟
) ;   (1) 

 

where Ftr- is the surface area of the pipe with triangular 

projections and depressions; Fsp- is the surface area of a 

smooth pipe. The function y = 1/ sin (β / 2) is minimal 

(equal to 1) at β = π and tends to infinity as β → 0. By 

decreasing the angle β, one can obtain a significant 

increase in the heat exchange surface. So, if we take the 

profile of the protrusion in the form of an isosceles triangle 

with a right angle at the apex β = π / 2, then the degree of 

surface development will be 

ψ=√2 (1 −
ℎ

𝑑𝑠𝑝
)     (2) 

Hence it follows that the maximum (limiting) 

degree of surface development, equal to ψlim = √ 2, is 

achieved at the value h → 0, when the number of 

protrusions per unit length of the pipe tends to infinity. 

If we take an equilateral triangle (β = π / 3) as a basis, 

then formula (1) takes the form: 

Ψ=2 (1 −
ℎ

𝑑𝑠𝑝
)  и ψ𝑙𝑖𝑚 = 2 

It is possible to obtain the degree of surface 

development ψ> 2 by further decreasing the angle β. 

Then the profile of the outer and inner surfaces 

corresponds to the profile of the transversely finned 

pipe, where the conditions for heat transfer on the 

inner and outer surfaces are significantly deteriorated, 

which indicates the inexpediency of an infinite 

decrease in the values of the angle β. If the surface 

profile is represented as a sequence of semicircular 

protrusions and depressions (Fig. 2) and the shell 

thickness is neglected, it can be shown that the degree 

of development of the channel surface ψ depends only 

on the diameter of the semicircular protrusion: 

Ψ=
𝐹𝑡𝑟

𝐹𝑠𝑝
=

𝜋

2
(1 −

𝑑

𝑑𝑠𝑝
)     (4) 

In case (4), the maximum degree of surface 

development, equal to ψlim = π / 2, is reached at d → 0, 

when the number of protrusions per unit length of the 

pipe tends to infinity. Any noticeable (ψ> 1.15) 

double-sided surface development is advisable, since 

it directly affects the increase in the transferred heat 

flux and provides a corresponding decrease in the 

metal consumption of the heat exchanger. 

1.2. Diagram of heat exchange structures of 

pipes and elements 

 

Fig. 2. Scheme of structures of heat exchange tubes with a 

developed heat exchange surface [1]: a - transverse helical 

ribbing; b - transverse annular ribs; c - spiral ribs; d - 

longitudinal ribbing; d - ribbing using longitudinally 

welded wires; f, g - wire ribbing: circular or spiral. 
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The presence of finning on the outer surface of the 

pipes makes the pitch of the pipes in the bundle to be 

increased and changes the assembly technology of 

tubular apparatuses. 

Intensification of heat transfer in pipes allows to 

reduce mineral deposits on the inner surface by about 

five times compared to smooth round pipes. In this 

regard, of practical interest is the class of spring-coiled 

channels proposed by scientists, the turns of which are 

made of wire of various cross-sections and rigidly 

fastened by laser welding. In fig. 3 shows a spring-

twisted channel made of round wire. 

 

Fig. 3. Diagram of the spring-coiled channel [1] 

The degree of surface development ψ of spring-

coiled channels is determined by expressions (1) and 

(2). In contrast to cylindrical channels, the 

configuration of spring-coiled pipes provides a 

decrease in metal consumption compared to a smooth 

channel by an average of 27%. 

Indeed, the ratio of the mass of the material 

required for the manufacture of pipes of the same 

length is equal to the ratio of the cross-sectional 

areas of these channels [1]. 

So, for example, for a spring-twisted channel made 

of round wire  
М𝑡𝑟

М𝑐𝑠
  , the ratio is: 

𝜁 =
𝑀𝑡𝑟

𝑀𝑐𝑠
=

𝑆𝑡𝑟

𝑆𝑐𝑠
=

4𝑑2

𝜋𝑑2 =
4

𝜋
= 1.27  (5) 

where Mtr is the mass of a smooth pipe; Мcs - mass 

of a spring-coiled channel made of a circular cross-

section; S is the cross-sectional area of the wall of a 

smooth pipe Str and a spring-twisted channel Scs, 

respectively. In order to intensify heat transfer due to 

turbulization of the flow, it was proposed to install 

intensifiers 2 in the flowing part of the heat exchange 

element 1, made in the form of spiral spring-wound 

elements rigidly fixed between the coils of a tight 

spring (Fig. 3). 

 

Fig. 3. Diagram of a heat exchange element with a 

spring intensifier [1] 

Spiral spring-wound intensifiers 2, shown in Fig. 

3, are made of elements of rectangular cross-section 

and, in addition, play the role of internal ribbing. The 

ends of such a heat exchange element are provided 

with branch pipes 3 for their subsequent expansion in 

the tube plates of shell-and-tube heat exchangers. The 

spring-twisted intensifiers 2 are installed by screwing 

them into the gaps between the turns of the stretched 

spring-twisted heat exchange element 1, followed by 

their rigid attachment between the turns. 

To increase the efficiency of heat transfer, it was 

also proposed to install continuous spiral intensifiers 

with stamped petals bent in the direction of flow 

swirling in the flow part of the channel. And in the 

work it is proposed to make the flowing part of the 

spring-twisted pipe in the form of projections 1 and 

flats 2 alternating with a given step (Fig. 4). 

 

Fig. 4. Diagram of a heat exchange element with 

protrusions and flats [1] 

The combination of zones of protrusions and flats 

with a predetermined step promotes rapid equalization 

of the temperature field in the flow path of the pipe and 

ensures high efficiency of heat transfer. 

The design of a spring-coiled channel with 

converging-diffuser elements is also proposed. On the 

basis of the considered spring-wound channels, a 

series of heat exchangers is proposed. In fig. 5 shows 

a tube-in-tube coil heat exchanger. 

 The inner tube is made in the form of a spring-

twisted channel of circular or elliptical section, and the 

outer one is made of a smooth cylindrical tube. The 

coil heat exchanger works as follows: water is supplied 

to the inner pipe, and saturated steam is supplied to the 

annular space in a counterflow. 
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Fig. 5. Diagram of the coil spring-twisted channel [1] 

With such a constructive solution, the fluid moves 

along a complex trajectory. Firstly, along the turns of 

the flowing part of the inner coil, where the swirling 

flow of liquid is realized along the inner depressions 

of the spring-coiled channel, and, secondly, along the 

helical line determined by the turns of the coil heat 

exchange element itself. 

In the annular space, due to the external helical 

finning of the internal coil, a swirling flow with a 

complex three-dimensional vortex structure is 

realized, which intensifies the heat exchange processes 

occurring in the annular space. In this regard, coil heat 

exchangers based on spring-wound channels provide 

high heat transfer coefficients on the inner and outer 

walls of the coil elements, which can significantly 

increase the heat transfer coefficients and thereby 

reduce the overall dimensions of the apparatus in 

comparison with known heat exchangers of this class 

[1]. 

Thus, the proposed spring-twisted channels have a 

high degree of surface development, and the 

intensification of heat transfer in such channels makes 

it possible to significantly (approximately five times) 

reduce mineral deposits on the inner surface in 

comparison with smooth round pipes. The metal 

consumption of structures is reduced by at least 27%. 

In connection with the development and use of 

nanotechnology in the production process, it becomes 

possible to manufacture such pipes from non-ferrous 

metals (aluminum, brass, copper). 

1.3.Determination of the heat transfer 

coefficient 

For an element of the heat exchange surface dF, the 

heat transfer equation in differential form is written as:       

dQ = К ∆ТdF , BТ       (6) 

where K- is the heat transfer coefficient, W / m2K); ∆Т 

= Тtr – Т - current temperature head. Total heat flux 

through the heat exchange surface 

Q= ∫ К ∆Т𝑑𝐹
𝐹

0
 ,     WT      (7) 

To determine Q, it is necessary to know the 

distribution of K and ∆T over the heat exchange 

surface. For single-phase heat transfer fluids, the heat 

transfer coefficient usually changes insignificantly and 

therefore is taken constant over the entire heat 

exchange surface. Then 

Q= К ∫  ∆Т𝑑𝐹
𝐹

0
 = К ∆Т̅̅̅̅ 𝐹 ,     WТ      (8) 

where the temperature difference averaged over the 

heat exchange surface 

∆Т̅̅̅̅  =   
1

F
 ∫  ∆ТdF

F

0
  ,            (9) 

Equation (1.3) is the heat transfer equation. It 

allows to determine the heat transfer surface F during 

the design calculation. 

1.4.Calculation of the heat transfer equation 

If in a heat exchanger the heat transfer coefficient 

significantly changes in certain areas of the heat 

exchange surface (as, for example, for devices with 

boiling or condensation of the heat carrier on a part of 

the surface), the coefficient K, averaged over the 

surface, is introduced [3]. 

For a flat wall, the heat transfer coefficient 

K=
1

1

𝛼1
 +

𝛿

𝜆 
+

1

𝛼2

   ,          (10) 

where, α1, α2- heat transfer coefficients, W / m2K; δ- 

wall thickness; 

  λ - coefficient of thermal conductivity of the wall 

material, W / m * K; 

For a cylindrical wall when referring the heat flux 

to the inner and outer surfaces, respectively 

K1 = 
1

1

𝛼1
 +

𝑑1
𝜆 

 ln
𝑑2
𝑑1

+
𝑑1

𝛼2𝑑2

   ;     
𝑊𝑡

м2К
   ;  (11) 

K2    =   
1

1

𝛼1

𝑑2
𝑑1

 +
𝑑2
2𝜆 

 ln
𝑑2
𝑑1

+
1

𝛼2 

  ;      
𝑊𝑡

м2К
   ; (12) 

where α1, α2- the heat transfer coefficients inside and 

outside the pipe, W / m2K; 

  d1 and d2 - inner and outer diameters. 

If 
𝑑2

𝑑1
< 1.8  then it is quite acceptable to use the 

definition of K according to the formula for a flat wall 

(10), i.e. 

Q= К 𝜋𝑑0 ∆Т̅̅̅̅  𝐿  ;        WT       (13) 

where d0-d2 at α1>> α2, d0-d1 at α2>> α1 and 

d0=0.5(d1+d2) at α1≈ α2 ; here L- is the length of the 

pipes. 

E3S Web of Conferences 216, 01124 (2020)
RSES 2020

https://doi.org/10.1051/e3sconf/202021601124

4



If we introduce a linear heat transfer coefficient for 

a cylindrical wall 

𝐾𝑙     =   
1

1

𝛼1

 

𝑑1
  + 

 1

 2𝜆 
 ln

𝑑2
𝑑1

 + 
1

𝛼2 𝑑2 

;     
𝑊т

м К
   ;    (14) 

Then  

Q =  𝐾𝑙  𝜋 ∆Т̅̅̅̅  𝐿 ;        WT ;       (15) 

The calculated dependences necessary for 

determining the heat transfer coefficients are given in 

textbooks, monographs, reference books, for example, 

in [4]. 

In [4], recommendations are given for calculating 

heat transfer in pipes, annular and flat channels, 

longitudinally washed tube bundles. 

Heat exchangers also use transversely flowed 

bundles of smooth tubes with a staggered and corridor 

arrangement. The average heat transfer for multi-row 

bundles of smooth pipes (Z> 10) is determined by the 

formula [4]: 

Nuf = С Ref
n Prf

0.33 (Prf  /  Prw  ) 0.25, (16) 

where for in-line beams at Ref
  =  

102 ,..,.103;  coefficients c = 0.56 and n = 0.5. at  Ref
  

=103 − 2 ∗ 105;  с = 0,2; п = 0,65= c = 0.2; n = 0.65 

for    
S2

DH
 ≥ 2   и C =0.2  [1 + (2

S1

DH
 − 3) (1 −

S2

DH
)  3]  −2;   п    

= 0,65; when S    2      / DH <  2;; and for S 2     / DH  ≤ 1,5  is 

taken c=0.2; when S    2      / DH  >  3 is taken S 2     /DH   =  3.. 

When Ref
  > 2 ∗ 105;  the coefficients are C = 0.02; p. 

= 0.84. For chess beams Ref
  =  102 , … , 103; at  C = 

0.64; n = 0.5 at Ref
  =  103 - 2 ∗ 105;  and  

φ =   
(

S1
Do

  − 1)

(
S2

′

Do
  − 1)

= 0.1 … .6          

       S2
′  = √S1

2

4
+ S2

2 

coefficients C = 0.23 + 0.06 p = 0.6; for Ref
  > 

2*105  coefficients C = 0.023; n = 0.84. 

Conclusion 

Thus, the outer pipe diameter Do is taken as the 

determining size, the average velocity in a narrow 

cross-section of the beam is taken as the design flow 

rate, the average flow temperature is taken as the 

determining temperature Tf, and the Prandtl number 

Prwis determined by the average wall temperature. For 

gases (
𝑃𝑟𝑓

𝑃𝑟𝑊
)  = 1. 
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