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Results of numerical modeling of three-pipe heat exchanger for 
livestock premises 

 
 
Abstract. Developed a three-pipe heat recovery system containing three coaxially installed pipes (inner, middle and outer), a condensate drain pipe 
that passes through the outer pipe and is located at the bottom of the middle pipe, an exhaust shaft that passes through the outer pipe, supply and 
discharge air filter, which is additionally equipped with an ultraviolet lamp. As a result of numerical modeling of the heat recovery device, the 
distribution of the temperature and vector velocity fields is established.  
 
Streszczenie. Opracował trójrurowy system odzysku ciepła składający się z trzech współosiowo zainstalowanych rur (wewnętrznej, środkowej i 
zewnętrznej), rury spustowej kondensatu, która przechodzi przez rurę zewnętrzną i znajduje się na dole rury środkowej, szybu wylotowego, który 
przechodzi przez rurę zewnętrzną rurowy, filtr powietrza nawiewanego i wylotowego, który dodatkowo wyposażony jest w lampę ultrafioletową. W 
wyniku modelowania numerycznego urządzenia do odzysku ciepła ustala się rozkład pól temperatury i prędkości wektorowych. (Wyniki 
modelowania numerycznego trójrurowego wymiennika ciepła dla pomieszczeń inwentarskich)) 
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Introduction 

Much of the year, and according to some technologies – 
throughout the year, most farm animals stay indoors [1-4]. 
In this connection, it is necessary to generate in livestock 
facilities the microclimate that would foster animals’ and 
poultry’s physiology and have a positive impact on their 
condition, health, productivity and product quality [2, 5]. 

Livestock premises microclimate is the state of 
environment formed as a result of animals’ activity under 
conditions of certain technology. The main microclimate 
parameters include: temperature T; relative air humidity 
W,%; chemical composition of air (content of carbon dioxide 
CO2, ammonia NH3, hydrogen sulfide H2S); presence of 
dust (mechanical pollution) and microorganisms (biological 
pollution) in the air; speed v, m/s, and air flow direction; 
lighting [2, 6]. Air regime gets disturbed during animals’ 
respiration (release of heat, moisture, carbon dioxide, etc.), 
and as a result of evaporation from manure. Among the 
main factors of pollution mostly affecting animals’ 
development are gases (carbon dioxide, ammonia, 
hydrogen sulfide), and such factors as moisture and heat 
[7-9]. 

Taking into account process conditions of air in livestock 
premises (significant dust – up to 6 mg/m3, high humidity – 
up to 80%, presence of high concentrations of aggressive 
components – ammonia up to 20 mg/m3, hydrogen sulfide 
– up to 10 mg/m3, carbon dioxide – up to 0.28%) [8, 10], 
and it was found as a result of analysis of heat exchanger 
structures [11, 12] that sanitary-hygienic and operational 
parameters, high energy efficiency and low cost of 
installation, the most suitable for ventilation systems are 
shell-and-tube heat exchangers of pipe-in-pipe type. 

To maintain microclimate in livestock facilities, structural-
and-technological diagram of three-pipe concentric heat 
exchanger has been developed [13, 14]. 

 
Analysis of Recent Research and Publications 

Known exhaust air heat recovery device [15] includes 
heat exchangers placed inside housing, and fans. The 
device is equipped with supply air inlet pipe and cooled air 
outlet pipe, with both pipes being installed inside the wall of 
the premises, which makes it necessary to make two holes 
therein. This device’s disadvantage lies in a low efficiency 
of utilization of exhaust air’s heat, significant weight and 

overall size, and in the need in additional conditions 
disrupting the integrity of buildings’ walls. 

Known tubular recuperator of ventilation air heat on 
counterflows [16] contains internal, middle and insulated 
outer pipes, channel electric heater, condensate drain pipe, 
exhaust shaft, supply and exhaust fans. This equipment’s 
disadvantage lies in the lack of elements for cleaning the 
supply air from dust, insects, fur and other small particles 
being constantly present in the air, which, in turn, 
significantly affects the condition, health, productivity and 
quality of livestock products. 

The three-pipe heat exchanger unit implements the 
technological process as follows [17]. Supply (cold) air is 
attracted by supply fan 7, having pre-passed through air 
filter 9, and then injected through inner tube 1 through 
channel electric heater 4 and ultraviolet lamp 10, which 
cleans it from bacteria and harmful microorganisms. With 
the help of fan 8, exhaust (warm) air from the premises is 
fed into the space between pipes 1 and 2. Air flows in the 
opposite direction: exhaust air exits to external environment 
from exhaust shaft 6, with supply air rotating and continuing 
to move in the opposite direction in the space between 
pipes 2 and 3. The opposite direction of supply and exhaust 
air flow increases the energy efficiency of the heat 
exchanger unit and allows increasing the uniformity of air 
temperature distributed along the length of the heat 
exchanger unit. In such a manner goes the process of heat 
exchange between supply and exhaust air through the walls 
of pipes 1 and 2, so that supply air is heated to a certain 
value. Condensate formed by exhaust air cooling on the 
outer surface of pipe 1 and the inner surface of pipe 2 is 
discharged through tube 5. 

The use of an ultraviolet lamp raises the technological 
efficiency of three-pipe heat exchanger, as it protects 
livestock premises against bacteria and harmful 
microorganisms. 

 

Presentation of Basic Research results. 
Numerical simulations of operational process of 

developed heat exchanger are carried out using Star CCM 
+ software package. 

The following continuum grid models were selected: 
multifaceted cell generator, surface grid generator and cell 
extruder. The basic cell size was 0.001 m, with the 
maximum size ratio of connected grid edges being 1.3. The 
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general view of heat exchanger’s calculated grid is 
presented in fig. 1. 

The following ones were selected as physical models of 
dry and wet channels: three-dimensional one, Euler 
multiphase model, the method of separate flow and VOF 
bulk liquid, the model of phase interaction, the model of 
separate multiphase temperature [18]. The flow is subject to 
Navier-Stokes equation [19] and k-ε turbulence model [20, 
21]. Euler phases were as follows: air and water [22]. The 
air phase was subordinated to the models of real gas 
MASVP-PR97 (steam) and turbulent flow. The water phase 
was subject to models of van der Waals’s real gas and 
turbulent flow [23]. 

 
 

Fig. 1. General view of developed heat exchanger unit’s calculated 
grid  

The following ones were selected as physical models of 
heat exchanger’s walls: three-dimensional model of solid 
material, constant density and the power model of separate 
solid body [24]. 

A stationary solver was chosen. The number of internal 
inertia equaled to 10. Heat exchanger’s geometric 
dimensions are presented in table 1. 

Table 1. Geometric dimensions of developed heat exchanger unit 
Element Parameter 

Direct three-
pipe module 

material – polyethylene; length – 8 m; outer pipe 
diameter – 0.4 m; middle pipe diameter – 0.274 
m; inner tube diameter – 0.138 m; pipe wall 
thickness – 0.0005 m 

Corner 
modules 

material – polyethylene; angle – 90°; pipe wall 
thickness – 0.0005 m 

At the inlet to the heat exchanger, air flow was equal to 
Q1 = Q3 = 0.14 m3/s, the temperature was t1 = 30 ° C, t2 = 
0 ° C. Thermal insulation was installed around the heat 
exchanger unit, i.e. no heat exchange with environment 
occurred. 

As a result of simulations, temperature field distribution in 
the heat exchanger unit was obtained (Fig. 3). 

 
 

Fig. 3. Temperature field distribution in the heat exchanger unit 

Air flows’ temperature distribution along the length of the 
heat exchanger unit is shown in Fig. 4. According to fig. 4, 
heat exchanger ensures temperature gradient in the range 
from 11.6 to 15.7°C. The average temperature is 13.7°C. 

The vector field of velocities was generated to visualize 
the process of air flow movement in the heat exchanger unit 
(Fig. 5). 

To optimize the design and operating parameters of 
three-pipe concentric heat exchanger, let us use the model 
generated in Star CCM + software package. 

Variation of design and mode parameters of three-pipe 
concentric heat exchanger unit was carried out within: 

- the length of the heat exchanger’s outer tube L = 5-30 
m; 

- the radius of the heat exchanger’s outer tube r3 = 0.25-
1.00 m; 

- volumetric air flow rate V = 0.14-1.4 m3/s; 
- ambient temperature Tc = 0-10°C. 

 

 
 

Fig. 4. Air flows’ temperature distribution along the length of three-
pipe heat exchanger  

 
 

Fig. 5. Vector velocity field distribution in the heat exchanger unit 
 

Useful heat output of heat exchanger unit ΔN, which is 
determined using Star CCM + software package, was 
chosen as the optimization criterion. 

Step-by-step sorting [25, 26] of each of the above 
parameters made it possible to obtain graphical 
dependences of their impact on the heat exchanger unit’s 
useful heat output (Fig. 6-8). 

 
Fig. 6. Dependence between useful heat output of heat exchanger 
unit ΔN and the length of its outer tube L and volumetric air flow V 
at a fixed value of r3 =1 m, Tc = 0°C 

 
Fig. 7. Dependence between useful heat output of heat exchanger 
unit ΔN and the radius of its outer tube r3 and volumetric air flow V 
at a fixed value of L =7.5 m, Tc = 0 ° C 
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Figure 6 shows that useful heat output increases with the 
heat exchanger’s length to the maximum value, then 
decreasing slightly, i.e. the optimum is observed. This 
optimum occurs due to increase of pneumatic losses in the 
air flow through the pipeline of great length. 

According to Figure 7, with a small value of the heat 
exchanger’s external air duct radius, a negative value of 
useful heat output caused by high pneumatic losses is 
observed. However, as the radius of the external air duct 
increases, the optimum of useful heat output appears. 

The dependence between useful heat output of the heat 
exchanger unit and ambient temperature (Fig. 8) is linear. 
As the ambient temperature increases, the heat 
exchanger’s useful heat output decreases. 

 
 

Fig. 8. Dependence between useful heat output of heat 
exchanger unit ΔN and ambient temperature Tc and air volume flow 
V at a fixed value of L =7.5 m, r3 = 0.7 

To optimize design-and-mode parameters, the following 
system of equations was generated [27]: 
 

(1)                       










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min,L

max,N

3

 

Given the ambient temperature conditions Tc =0°C under 
different volumetric air flow rates V, the solution of the 
system of equations (1) is presented by the data 
summarized in table 2. 

Table 2. Optimal design-and-mode parameters of three-pipe 
concentric heat exchanger 

V, m3/s L, m r3, m ΔN, W 
0.14 5.8 0.2 1906 
0.27 7.74 0.24 3551 
0.39 9.46 0.3 5222 
0.52 11.43 0.35 6976 
0.64 13.19 0.39 8583 
0.77 15.13 0.43 10315 
0.9 16.99 0.47 12071 
1.02 18.85 0.53 13866 
1.15 20.71 0.55 15503 
1.27 22.53 0.62 17380 
1.4 24.39 0.66 19179 

By approximating table 2 data, we obtain the 
dependences between design parameters of heat 
exchanger system and volumetric flow rate of the air 
passing through it under the condition of the greatest useful 
heat output: 
 

(2)               𝑟ଷ ൌ  0,3619 ⋅ V ൅  0,1523, 
(3)               𝐿 ൌ  14,776 ⋅ V ൅  3,7335, 
(4)              𝛥𝑁 ൌ  13713 ⋅ 𝑉 െ 144,92. 
 

Graphical interpretation of dependencies (2) - (4) is 

presented in Figures 9-11. 
 

 
Fig. 9. Dependence between heat exchanger radius r3 and 
volumetric flow rate of air V passing through under the condition of 
the greatest useful heat output 

 
Fig. 10. Dependence between heat exchanger’s length L and 
volumetric flow rate of air V passing through under the condition of 
the greatest useful heat output 

 
Fig. 11. Dependence between useful thermal power ΔN 

and volumetric flow rate of air V passing through the heat 
exchanger unit 

 
Conclusions 

Developed was a three-pipe heat exchanger containing 
three coaxially installed pipes (an inner, a middle and an 
outer ones), a condensate drain pipe that passes through 
the outer pipe and is located at the bottom of the middle 
pipe, an exhaust shaft that passes through the outer pipe, 
supply and discharge air filter, which is additionally 
equipped with an ultraviolet lamp. 

As a result of heat exchanger’s numerical simulation, 
established was the distribution of temperature and vector 
velocity fields. The analysis of results of theoretical studies 
of heat transfer process in design-and-process diagrams of 
three-pipe concentric heat exchanger showed that it 
ensures the temperature gradient in the range from 11.6 to 
15.7°C (an average value being 13.7°C).  

Optimization of results of theoretical research allowed us 
determining the dependences between the heat exchanger 
design parameters (length L and radii r1, r2, r3 of air ducts) 
and volumetric flow of air passing through it under the 
condition of the greatest useful heat output: L = 14,776 ꞏ V 
+ 3,7335, r1 = 0.3619 ꞏ V + 0.1523, r1 = 0.343 ꞏ r3, r2 = 0.686 
ꞏ r3. 
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