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ANALYSIS OF METHODS FOR INTENSIFYING HEAT 

TRANSFER IN SHIP FRESHWATER GENERATORS 
 

Abstract. This article investigates the problem of improving energy efficiency and reducing operating costs 

of vacuum-type freshwater generators used in modern shipping. Tubular heat exchangers employed in 

seawater evaporation and condensation processes are considered as the main object of the study. The 

combined effect of passive methods (Annularly corrugated tube) and active methods (low-frequency flow 

pulsation) on the hydrodynamic regime and heat transfer performance has been examined. Based on 

theoretical and experimental analyses, it has been established that the proposed method ensures turbulence 

enhancement in the boundary layer, allowing the Nusselt number (Nu) to increase by 2.0 ÷ 2.5 times 

compared to the initial operating configuration of the unit. As a result of accelerated heat transfer, it 

becomes possible to use smaller and more compact units to produce the same amount of freshwater, which 

enables significant space savings in the ship engine room. In addition, maintaining the cleanliness of the 

internal tube surfaces eliminates the need for frequent shutdowns for maintenance or chemical cleaning. 

At the same time, the non-stationary flow regime significantly reduces the intensity of scale (salt deposit) 

formation on heat transfer surfaces, thereby further enhancing heat transfer efficiency. 

 

Introduction. The provision of ships with technical and potable water through 

the utilization of seawater represents one of the pressing challenges of modern 

maritime practice. Considering that vessels, depending on their operational 

autonomy, may remain at sea for days, weeks, and even months, the efficiency of 

ship fresh water generators, their mass-dimensional characteristics, and energy 

consumption are directly related to the operational performance of heat-exchange 

equipment (evaporators and condensers). However, when seawater is used as a heat-

transfer medium, the presence of salts such as CaCO3, CaSO4, Mg (OH)2, and others 

leads to the formation of deposits. These deposits accumulate on heat-transfer 

surfaces, increasing thermal resistance and significantly reducing the productivity 

of the unit [1-13]. 

In conventional straight-tube heat exchangers, the laminar flow regime of the 

liquid constitutes the main factor resisting efficient heat transfer. As demonstrated 

by Mikheyev [3], the artificial disruption of the boundary layer is one of the most 

effective approaches for increasing the heat transfer. In traditional smooth-tube heat 

exchangers, during fluid flow, a laminar sublayer forms in the near-wall region, 
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which represents the principal thermal resistance to heat transfer. As the thickness 

of this layer increases, the heat transfer coefficient correspondingly decreases. 

Furthermore, under low-velocity flow conditions, favorable circumstances arise for 

the deposition and crystallization of salt particles on the surface, leading to the 

formation of scale. Since the thermal conductivity of scale deposits is several times 

lower than metal, even deposits with micrometer-scale thickness can reduce the 

productivity of the unit by up to 40 ÷ 50% [14-22]. 

Existing studies indicate that chemical cleaning methods are costly and 

environmentally harmful, while mechanical cleaning requires shutdown of the unit. 

In this regard, methods based on modifying the hydrodynamic structure of the flow, 

that is, techniques for intensifying heat transfer, are considered more promising. 

Kalinin and co-authors [23-36] demonstrated that the creation of artificial roughness 

on the inner surface of tubes leads to an increase in turbulence intensity. In the 

present study, as a further development of this approach, the application of internally 

compressed annular tubes in combination with a low-frequency pulsation regime is 

investigated. 

Methodology. The condenser and evaporator elements of vacuum-type ship 

fresh water generator were selected as the objects of the present study. The main 

essence of the problem lies in the fact that an increase in the heat transfer coefficient 

(𝛼) is usually accompanied by a significant rise in hydrodynamic resistance (Δ𝑃). 

Annularly corrugated tubes act as periodically arranged diaphragms along the flow 

path. Unlike smooth tubes, the flow in such tubes does not move uniformly along 

the wall. After passing each protrusion, the flow separates, and intense vortices are 

formed in the near-wall region [37-44]. The efficiency of these tubes is characterized 

by the following geometric parameters (figure 1): 

• 𝑑′ 𝐷⁄  ratio – the ratio of the diameter at the constricted section (𝑑′) to the 

main tube diameter (𝐷) (usually taken as 0,90 ÷ 0,95); 

• 𝑡 𝐷⁄  ratio – the ratio of the pitch between the annular constrictions (𝑡) to the 

tube diameter (𝐷) (usually taken as 0,5 ÷ 1,0). 

 

 
Fig. 1. Cross-section of an annularly corrugated tube 

D - outer diameter of the tube; h - height of the turbulator (𝒉 =
𝒅−𝒅′

𝟐
);  

d - inner diameter of the tube; t - pitch of the turbulator 
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In the base configuration (smooth tube), the heat transfer is determined using 

the Mikheyev correlation [3]: 

𝑁𝑢0 = 0,021 ⋅ 𝑅𝑒0,8 ⋅ 𝑃𝑟0,43 ⋅ (
𝑃𝑟𝑚

𝑃𝑟𝑑
)
0,25

    (1) 

here, 𝑅𝑒 =
𝜔⋅𝑑

𝜈
 - Reynolds number (characterizing the flow regime); 𝑃𝑟 - 

Prandtl number (characterizing the thermophysical properties of the fluid); 𝑃𝑟𝑚 and 

𝑃𝑟𝑑 - respectively, the Prandtl numbers evaluated at the mean temperature of the 

fluid flow and at the tube wall temperature. 

 

A new criterion correlation taking into account surface roughness and low-

frequency pulsations is proposed in the following form: 

𝑁𝑢 = 𝑁𝑢0 ⋅ [1 + 𝐶1 ⋅ (
ℎ

𝐷
)
𝑛1
⋅ 𝑅𝑒𝑛2] 𝜙𝑝     (2) 

here, 
ℎ

𝐷
 - degree of roughness of the turbulator tube; 𝐶1, 𝑛1, 𝑛2 - empirical 

coefficients determined as a result of experimental studies or calculations; 𝜙𝑝 - 

pulsation factor. 

 

Bergles [45-56] noted that the Strouhal number (𝑆𝑡) plays an important role in 

accounting for the resonance effect under pulsating flow conditions. The Strouhal 

number is a dimensionless criterion that represents the ratio between the pulsation 

frequency of the flow and the characteristic time of fluid motion. According to 

Bergles’ studies, the occurrence of resonance effects in heat transfer under pulsating 

flow conditions depends on the value of the Strouhal number [57-71].. Under 

resonance conditions, i.e., within the range 𝑆𝑡 ≈ 0,2 ÷ 0,5 when the pulsation 

frequency coincides with the moment of fluid separation from the tube wall in 

internally compressed tubes, periodic disruption of the boundary layer occurs, 

leading to maximum intensification of heat transfer. 

𝑆𝑡 =
𝑓⋅𝐷

𝜔
       (3) 

here, 𝑓 - pulsation frequency, Hz or s⁻¹; 𝜔 - flow velocity, m/s. 

 

The kinetics of scale formation is determined using the Kern-Seaton model. 

The rate of scale formation is equal to the difference between the rate of salt 

deposition on the tube wall and the rate of removal due to washing by the flowing 

fluid. 
𝑑𝑅𝑓

𝑑𝑡
= 𝑟𝑑 − 𝑟𝑟       (4) 

here, 𝑅𝑓 - thermal resistance of fouling, 𝑚2 ⋅ 𝐾 𝑊⁄ ; 𝑡 - time, hour; 𝑟𝑑 and 𝑟𝑟 - 

respectively, deposition rate and removal rate. 
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According to the Kern–Seaton theory, the rate of salt detachment depends on 

the wall shear stress (𝜏𝑤). In the proposed pulsating regime, the wall shear stress 

varies as follows: 

𝜏𝑑(𝑡) = 𝜏𝑑̅̅ ̅ ⋅ [1 + 𝐴 𝑠𝑖𝑛(2𝜋𝑓𝑡)]      (5) 

here, 𝜏𝑤 - wall shear stress, Pa; 𝜏𝑑̅̅ ̅ - mean (average) wall shear stress; 𝐴 - 

pulsation amplitude 

 

When this varying shear stress exceeds the adhesion force of salt crystals to the 

surface, scale particles detach. As a result, the fouling resistance does not increase 

indefinitely but approaches an asymptotic value [72-86]. 

Results and Discussion. The conducted experiments demonstrate that under 

turbulent flow conditions (𝑅𝑒 > 104), heat transfer increases significantly. As 

shown in Figure 2, at 𝑅𝑒 = 2000 the Nusselt number for a smooth tube is 

approximately 𝑁𝑢 ≈ 78, whereas under the combined regime it varies within the 

range 𝑁𝑢 ≈ 200 ÷ 245. This indicates that the heat transfer coefficient increases 

by approximately 2,5 times. 

 

 
Fig. 2. Dependence of the Nusselt number on the Reynolds number (heat 

transfer efficiency) 

 

During heat transfer intensification, the main concern is the increase in the 

hydrodynamic resistance coefficient. In this regard, it is appropriate to consider the 

energy efficiency index: 

𝐸 =
𝑁𝑢 𝑁𝑢0⁄

(𝜉 𝜉0⁄ )1 3⁄
        (6) 

here, 𝑁𝑢 and 𝑁𝑢0 – respectively, the Nusselt numbers for the intensified and 
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smooth tubes, 𝜉 and 𝜉0 – respectively, the hydrodynamic resistance for the 

intensified and smooth tubes. 

 

According to the results of the study, the value of 𝐸 lies within the range 

𝐸 = 1,3 ÷ 1,6. 𝐸 > 1, this indicates that the increase in the electrical energy 

consumption of the pump is significantly smaller than the gain in useful heat 

transfer. 

The obtained results (Figure 3) show that in smooth tubes the fouling resistance 

𝑅𝑓 increases linearly with time. After approximately 500 hours of operation, the heat 

transfer capacity decreases by 40–50%. However, when pulsation is applied, the 

induction period (the onset of initial fouling) may be delayed from 50 hours to about 

200 hours, and the fouling level stabilizes at a relatively thin layer. This 

phenomenon can be explained by the alternating shear stresses generated by 

pulsation, which lead to the fatigue failure of salt crystals, causing their gradual 

detachment from the surface. 

 

 
Fig. 3. Dependence of fouling resistance on time 

 

Conclusions. The conducted research makes it possible to formulate the 

following scientific conclusions: 

• The combined application of Annularly corrugated tube and low-frequency 

pulsation (resonance regime) in ship fresh water generator has been proposed, and 

under these conditions the criterion dependence of heat transfer 𝑁𝑢 = 𝑓(𝑅𝑒, 𝜙) has 

been determined; 

• The proposed method increases the heat transfer coefficient by approximately 
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2.0–2.5 times within the range 𝑅𝑒 = 2000 − 50000. This makes it possible to 

reduce the heat-transfer surface area of shipboard heat exchangers by 30–40% and 

consequently decrease the overall mass of the unit; 

• In accordance with the Kern–Seaton model [4], hydrodynamic activation 

shifts the fouling process to an asymptotic regime. As a result, the continuous 

operating period of the unit (TBO – Time Between Overhaul) can be increased by 

approximately three times. 
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