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Abstract. This paper considers the increasing the mass transfer intensity 
due to the use of annular baffles in the tubes of shell-and-tube heat 
exchange apparatuses. A mathematical model for calculating the system of 

equations for the evolution of particle distribution in the form of sediments 
has been developed. 

1 Introduction 

Currently, one of the main problems at energy-oriented companies is the various 

sediments formation in heat exchangers. Sediments on heat transfer surfaces adversely 

affect hydrodynamics and heat transfer, which leads to an increase in financial costs during 

the apparatus operation and an efficiency decrease, as well as additional costs for repair and 

maintenance of equipment. 
One of the most effective ways to reduce the sediments intensity on the heat transfer 

surfaces is the use of artificial turbulization of the heat carrier stream [1]. The essence of 

this method is that knurling of annular baffles is performed on the working surface of the 

heat exchanger tubes along their entire length, after a certain step [2]. As a result of 

knurling the grooves are formed both from the outside and inside the tube, due to which the 

flow swirls. The fluid flow at the wall of the tube, where its velocity is the smallest, begins 

to turbulize. Thus, a more efficient entrainment of solid particles occurs, thereby reducing 

the possibility of sediment formation. The methods of dealing with sediments are presented 

on Figure 1 [3]. 
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Fig. 1. The methods of dealing with sediments. 

2 Design features of heat exchangers  

Two experimental shell-and-tube heat exchangers have been designed in order to study the 

influence of the coolant flow regime on the sediment formation process (Figure. 1). The 

studied tubes with various geometric characteristics were placed in them (Figure 2). The 

number of tubes in each device is 7 pieces. The saturated steam with a pressure of P = 6 

atm. and temperature t = 158 ° С was used as a heating medium (annulus). The water with 

an inlet temperature of t = 20 ° С, Ca stiffness - 2.4 ml / equiv / dm3, and general stiffness. 

- 2.5 ml / equiv / dm3 was used as a heated medium (tube space). The diagram of the heat 

exchanger is shown are presented on Figure 2. The experimental tube is shown in Figure 3. 
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Fig. 2. Heat exchanging apparatus design: 1 – hot water; 2 – cold water; 3 – vapour; 4 – condensate. 

 
Fig. 3. Longitudinal section of the tube. 

Characteristics of the experimental tubes are presented in Table. 1. External diameter of 

tubes 19D   mm. Internal diameter of tubes 16d   mm. Tube wall thickness 1,5S   

mm. 
Since the material of the tubes can also have a chemical effect on the sediment 

formation, some tubes were made of 1x18h10 stainless steel, and some of the Lo-70 brass 

[4]. Two tubes were smooth, and five had annular diaphragms.  
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Table 1. Characteristics of tubes. 

Test 

tube. 

 № 

Tube 

material 

нD . mm 

Turbulator 

Step  

t . mm 

Inner 

diameter of 

diaphragms 

d . mm 

Groove depth of 

turbulator 

m . mm 
d D  t D  

1 1x18h10 - - - - - 

2 Lo-70 - - - - - 

3 Lo-70 2 14 1 0.875 0.125 

4 1x18h10 4 15 0.5 0.937 0.25 

5 Lo-70 4 14 1 0.875 0.25 

6 1x18h10 4 12 2 0.75 0.25 

7 Lo-70 8 14 1 0.875 0.5 

3 Experimental research on a heat exchange apparatus 

An experimental study of heat exchangers was carried out for 2000 hours. This duration 
allows you to record the change in the intensity of heat and mass transfer and hydraulic 

resistance, depending on the heated fluid speed and the turbulators characteristics [5]. Due 

to the fact that the coolant speed directly affects the sediment formation, two heat 

exchangers were used in the experiment. One device was operated in laminar mode of 

operation, and the second in turbulent mode. The results of the local sediments distribution 

studies are presented in Figure 4 and Table. 2. 

 

Fig. 3. Percent sediment. 

Table 2. Research result. 

Sample 

tubes. 

№ 

Laminar mode 

Sediment thickness н . mm 

Turbulent mode 

Sediment thickness н . mm 

zone 1  zone 2  zone 3 zone 1  zone 2  zone 3 

1 0.56 0.89  

2 0.59 0. 91  

3 0.78 0.86 0.82 0.49 0.57 0.56 

4 0.82 0.87 0.84 0.49 0.55 0.52 

5 0.83 0.86 0.84 0.48 0.54 0.51 

6 0.81 0.85 0.83 0.48 0.53 0.5 

7 0.83 0.81 0.86 0.53 0.49 0.56 
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The experimental results showed that the use of tubes with turbulators during the heat 

exchanger operation of in the laminar regime of the coolant flow is not effective, since the 

tubes were subject to greater sediment fouling on the heat transfer surfaces. In turn, the use 

of tubes with turbulators in a turbulent mode led to a decrease in the intensity of the 

sediment formation on their surface. 

So, the minimum rate of sediment formation in the form of deposits was observed for 

pipes with turbulators with a turbulent coolant flow regime at a ratio 
m d

 = 4∙103 - 14∙103 

and t/m = 1.0 - 1.8, and with a further increase in the ratio t/m the mass transfer is reduced. 

In the sample No 6, the amount of sediment was the lowest with a ratio of 
0,75d D 

 and 

0,25t D 
. Thus, the experiments carried out have confirmed that in the tubes with 

turbulizer the amount of sediments is much less than in smooth pipes. Their formation 

obeys the asymptotic law, but only under the condition of the coolant turbulent flow. It 

should be noted that almost all heat exchangers operate with turbulent movement of the 
coolant, which confirms the relevance of their use. The use of knurled pipes in heat 

exchangers increases the exploitation period, improves heat transfer, and leads to an 

increase in heat transfer intensification. The knurling of one tube costs from 2 to 4% of the 

pipe cost. 

4 Mathematical model 

The system of equations for the evolution of the sediment particles distribution has the 

form: 

0
,0

    of the developmentof the beginnin

k К
K

g

dN dN dN

dt dt dt


     
      

    
 

    of the fusion of the sedimentatio

К

n

КdN dN

dt dt

   
   

   
                                  (1) 

where ,K m -  the Kronecker symbol. 

We write the equation of mass balance, taking into account the decrease in 

concentration due to the crystals excretion 3CaCO
[6]. Thus, a decrease in concentration 

C occurs due to crystal growth: 

     , , full

dС
V S T t T

dt
 

 
  

 
,            (2) 

where 


is the crystal concentration (molar) 3CaCO
; 

full
  is the surface of all crystals (whole) in the volume V : 

2

1
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  ,     (3) 

where 


 is the shape factor (crystal shape):  
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'

2

crystal s

d


  ,           (4) 

'crystal s  is the surface area of the sediment crystal (with the diameter d ). 

Thus, the equation for concentration will have the form: 

  2

1

, ( )
M

K K

m

dC
V S T d N

dt

 


   .          (5) 

The concentration C  is expressed in moles per unit volume of solution, similar to the 

values KN
. Formulas (1) - (5) will have a closed model of the studied sediment formation 

process. 

The general formulation of the equations includes boundary initial conditions and their 

formulation. In this stationary model the systems are depicted in a spatially distributed 

plane and the boundary conditions are taken out in the Euler coordinates to calculate the 

coolant temperature distribution [7]. Thus, due to the stationary nature of the problem, the 

initial conditions are absent, and the initial conditions are specified in the Lagrange 
coordinates, since the coefficients of the variables depend on time. To do this, we use the 

boundary conditions in Euler coordinates, which corresponds to the initial conditions in the 

coordinates of the Lagrange boundary conditions [8]. The initial condition for the solution 

is the initial input concentration of CaCO3 water in the system at the inlet: 0( )C t C
. We 

set the initial conditions of the particles which, in fact, are determined by their distribution 

in the system and the state of the solution at the inlet. At the initial stage we can assume 

that the water does not contain CaCO3 crystal s[9]: 

0 0KN        (6) 

However, we can clearly say that, in reality, in water there is always a certain amount of 

particles already present in the system. Also the water pre-heating can occur in the water 

treatment system, and thus the formation of a certain initial distribution [10]: 

0(0)K KN N         (7) 

This distribution can be obtained provided that the time at a given temperature under 

initial conditions is taken into account (6). Thus, as a result, the distribution of particles is 

considered according to the initial conditions of the system (7). 
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