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ABSTRACT 

Charge minimization in ammonia refrigeration systems is pertinent due to safety restrictions associated to these 
systems. The objective of the present research is to minimize the ammonia charge and the required heat transfer 
area of evaporators in large-scale ammonia refrigeration systems by numerical optimization. The studied 
evaporator is a traditional flooded inline finned tube evaporator operated with pumped liquid recirculation 
rated to 22 kW cooling capacity. The optimization involved the interaction between heat-exchanger design 
parameters such as transverse tube pitch, longitudinal tube pitch, tube diameter and number of tube circuits, 
and operation parameters such as ammonia circulation ratio. The boundary conditions were the given required 
cooling capacity, the air volume flow rate and the frontal area, and provided the same cooling load and air 
throw length in a given cold store for each solution of the optimization. Furthermore, the airside pressure drop 
was constraint to less than 55 Pa, and the fin spacing was fixed at 12 mm to accommodate freezing conditions. 
The results show that a significant reduction in refrigerant charge and heat transfer area is possible through 
smaller tube diameters, a higher number of tubes per row and more refrigerant circuits.  
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1. INTRODUCTION 

Ammonia is widely used as the refrigerant in industrial refrigeration systems due to its superior thermodynamic 
and heat transfer properties (Hrnjak and Park, 2007; Pearson, 2008). On the other hand, ammonia is toxic and 
flammable, and consequently national authorities have implemented regulations to restrict the amount of 
charge in industrial refrigeration systems in many countries. Today the charge limit in Denmark is 5000 kg. 
Exceeding this limit leads to significant increase in cost of the plant, both installation, maintenance and 
operation costs, due to increased safety precautions. It provides an incentive for refrigeration engineers and 
equipment manufacturers to target their research and development towards low-charge ammonia systems.  

Most industrial refrigeration systems using ammonia as the refrigerant are centralized systems, typically with 
long distribution and return pipelines from the evaporators. These systems are equipped with either liquid 
overfeed evaporators or dry expansion evaporators. Dry expansion systems have a higher potential for charge 
minimization, but come with a performance penalty of necessary superheat. On the other hand, liquid overfeed 
evaporators usually operate at constant pump speed and result in recirculation ratios of 3-5. The recirculation 
ratio is defined as the ratio between the refrigerant mass flow rate through the evaporator and the vaporized 
refrigerant mass flow rate. Consequently, liquid overfeed systems contain a much larger ammonia charge, not 
only in the evaporator but also in the return pipeline.  

Recently, Kristófersson et al., (2017a) published measurements of the ammonia charge as function of the 
recirculation ratio for a traditional liquid overfeed evaporator (bottom fed). It was found that the charge could 
be reduced by a factor of 2 to 3 by reducing the recirculation ratio from 5 to 1.5, depending on the evaporation 
temperature and without sacrificing cooling capacity. Furthermore, Kristófersson et al., (2017b) indicated that 
the compressor power consumption could be reduced by 4.9 %, if the recirculation ratio was reduced from 4 
to 1.5 in a large distributed cold storage in Denmark that was recently built.  

This paper focusses on the charge minimization in liquid overfeed systems by exploring the effect of key 
evaporator design parameters numerically. The considered parameters are transverse tube pitch, longitudinal 
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tube pitch, tube diameter and number of tube circuits as well as recirculation ratio. The main research question 
is whether the optimal design of the evaporator changes as recirculation ratio decrease or not. 

The objective is to minimize the ammonia charge as well as the evaporator cost, here exemplified by heat 
transfer area, by employing a multi-objective genetic algorithm to optimize a numerical model of the 
evaporator. The evaporator specified in Kristófersson et al., (2017a) was used as the baseline for the 
optimization. The cooling capacity, air-volume flow and frontal area were fixed to the baseline values, and 
provide the same cooling load and air throw length in a given cold store for each solution of the optimization. 
Moreover, the required heat transfer area was solved for at each combination of heat exchanger design 
parameters (transverse tube pitch, longitudinal tube pitch, tube diameter) and the optimization was carried out 
at several recirculation ratios and number of tube circuits. Furthermore, the airside pressure drop was constraint 
to less than 55 Pa, and the fin spacing is fixed at 12 mm to accommodate freezing conditions.  

The outline of the paper is as follows. Section 2 introduces the numerical model and presents a validation with 
experiments. Section 3 presents the results at -30 °C evaporation temperature. Finally, the results are discussed 
in Section 4 and followed up by the conclusions in Section 5. 

2. METHODOLOGY 

2.1. Numerical model 

The model of the evaporator was implemented in Matlab2017a. Figure 1 illustrates a sketch of the studied 
evaporator having an inline tube arrangement, where the transverse tube pitch,	 , longitudinal tube pitch,	 , 
and tube diameter,	 , are to be optimized at several recirculation ratios and number of tube circuits.  
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Figure 1: Sketch of the evaporator 

The model assumes identical refrigerant circuits, which alleviates the constraints of the tube circuiting during 
the design phase. Moreover, the model solves for the global airside heat transfer coefficient, fin efficiency and 
overall surface efficiency, and employs them to a single refrigerant circuit as illustrated in Figure 2. The 
refrigerant circuit was discretized using an upwinded approximation of cell center/average variables ( ). Each 
cell energy equation was formulated as 

 , , , , , , , ,   Eq. (1) 

In Equation 1,  denotes the effectiveness and was computed by the effectiveness-NTU relation for evaporators 
with NTU , , , ,⁄ , where  and  denote the heat transfer coefficient and overall surface 
efficiency of the fins, respectively. The model neglects heat transfer resistance in the tube wall as well as 
fouling on the fluid surfaces. Furthermore, refrigerant gravitational and accelerational pressure drops were 
neglected. Correlations for heat transfer, pressure drop and void fraction are summarized in Table 1. We used 
general well-known or dedicated correlations for ammonia where applicable. For the airside with inline tube 
arrangement and large fin spacing, only the heat transfer correlation is applicable, while the pressure drop 
correlation is developed at lower fin spacing. On the other hand, the pressure drop correlations by Webb and 
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co-authors employ a superposition method of the bare tube bundle and fin contributions, and we expect it to 
be applicable at larger fin spacing also. Thermophysical properties of the fluids were computed using Coolprop 
4.2.  

The model solves for each control volume following the refrigerant flow direction, cell by cell, and resolving 
local refrigerant heat transfer, void fraction and pressure drop. The inlet refrigerant pressure was adjusted by 
iteration according to the outlet pressure boundary condition, which was fixed by the outlet saturation 
temperature. The inlet enthalpy was also fixed at the bubble point corresponding to the outlet pressure, and the 
mass flow rate was fixed by the recirculation ratio . These refrigerant boundary conditions 
correspond to pumped circulation systems with a small amount of inlet liquid subcooling due to refrigerant 
pressure drop. The frontal area of the evaporator was fixed by  and , as indicated in Figure 1, and the 
longitudinal length of the evaporator was adjusted by iteration in order to reach the fixed cooling capacity. 
Furthermore, the air volume flow rate was fixed and provided, together with the fixed frontal area, the same 
air throw length in a given cold store for each solution.  

Finally, the fin spacing was fixed at 12 mm to accomodate freezing conditions. The model assumes dry air 
conditions always for simplicity and computational speed during optimization. No particular consideration 
was addressed towards the frost build-up during optimization, and may be addressed once the dry conditions 
optimal results were obtained (similar to a tube circuiting optimization).  

 
Figure 2: Sketch of the refrigerant flow discretization,  denote the approximated variable 

Table 1. Employed correlations for air and refrigerant. 
Air side heat transfer coefficient  Kim and Kim, 2005 
Air side pressure drop Kim et al., 1997 
Single-phase refrigerant heat transfer coefficient Gnielinski, 1976 
Single-phase refrigerant pressure drop Blasius, 1913 
Two-phase refrigerant heat transfer coefficient Fenton, 1999 
Two-phase refrigerant pressure drop Müller-Steinhagen and Heck, 1986 
Two-phase refrigerant void fraction Zivi, 1964 

2.2. Validation 

The baseline evaporator has been presented in Kristófersson et al. (2017a) and is bottom fed. The main 
dimensions are given in Table 2. The tube and fin materials are AISI 304 and aluminum, respectively, and the 
fins are wavy. The heat exchanger length was fixed to that of the baseline for the validation, thus the cooling 
capacity was not fixed in the validation as it was for the optimization. The volume flow rate of air was fixed 
to 19390 m3/hr, and was estimated by using the energy balance obtained from the measurements. The number 
of discretization cells was chosen to be 100.  

  Table 2. Baseline heat exchanger specifications  
Tube arrangement Inline Tube outer diameter 15.6 mm 
Tube rows 8 Longitudinal tube pitch 50 mm 
Tubes per row  18 Transverse tube pitch 50 mm 
Tube circuits 6 Fin spacing   12 mm 
Tube length 1360 mm Fin thickness 0.35 mm 
Tube inner diameter  14.6 mm Tube coil volume  34.5 L 

. . .     . . .  

. . . 

,  . . . ,  

,  ,  
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Figure 3a shows the comparison of the cooling capacity and the charge as function of the circulation ratio. The 
air inlet temperature was -20 °C and the refrigerant inlet and outlet saturation temperature was -30 °C. The 
comparison indicated a reasonable match of both the values and trends. The model predicted somewhat higher 
capacity as wells as charge, and it is likely due to the idealized tube circuits assumption, and possible 
differences in inlet subcoling. For the optimization of the heat exchanger design parameters herein, the model 
was considered valid. In Figure 3b, the temperature profiles of the model are shown. The temperature of the 
refrigerant increases in the beginning of the circuit, where subcooled liquid is heated towards saturation. As 
the two-phase region occurs, the temperature decreases due to pressure drop. It may be observed that the 
temperature difference between air and refrigerant (heat transfer driving potential) decreases with increasing 
recirculation due to refrigerant pressure drop. This further reduces the cooling capacity, even though the two-
phase heat transfer coefficient increases due to higher refrigerant mass flux and flow.  

 
Figure 3: Comparison of capacity and charge vs. recirculation (a) and temperature profiles vs. circuit length (b) 

2.3. Optimization procedure 

The optimization was performed using the multi-objective optimization algorithm in Matlab2017a. This 
algorithm uses a controlled, elitist genetic algorithm that favors individuals that can help increase the diversity 
of the population even if they have a lower fitness value. We used default options and recommended values 
for the population size etc. The multi-objective functions, decision variables, lower and upper bounds were: 

,  

, ,  

0.034	 , 0.034	 , 0.012	  

0.060	 , 0.060	 , 0.018	  

Notice that we fixed the recirculation ratio ( ) to 1.25, 2, 3 and 6 and the number of tube circuits ( ) to 6, 
9 and 12, respectively, to better observe and visualize the optimal geometry as function of recirculation ratio 
and number of tube circuits. This resulted in 4x3 optimization runs. Furthermore, the airside pressure drop was 
constraint to less than 55 Pa, as the baseline airside pressure drop was calculated to be 54 Pa.  

3. RESULTS 

Figure 4 shows the pareto fronts of the optimizations (minimizations) of area and charge for each recirculation 
ratio ( 1.25, 2, 3	and	6  and the number of tube circuits ( 6, 9	and	12 , respectively. The results 
were obtained at a fixed cooling capacity of 22.5 kW, saturation temperature of -30 °C and inlet air temperature 
of -20 °C. The capacity corresponds to the maximum value of the baseline capacity curve (Figure 3a). The 
colors of the pareto fronts in Figure 4 indicate airside pressure drop (a), tube outer diameter (b), longitudinal 
tube pitch (c) and transverse tube pitch (d). Furthermore, the baseline calculation is indicated by a red filled 
circle. Figure 5 show corresponding pareto fronts, where colors indicate longitudinal heat exchanger length 
(a), number of total tubes (b), gas velocity (c) and liquid velocity (d). 
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Figure 4: Charge vs. area pareto fronts for different recirculation ratio and number of tube circuits. Colors 
represent airside pressure drop (a), tube diameter (b), longitudinal tube pitch (c) and transverse tube pitch (d) 
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Figure 5: Charge vs. area pareto fronts for different recirculation ratio and number of tube circuits. Colors 
represent longitudinal HX length (a), number of total tubes (b), gas velocity (c) and liquid velocity (d) 
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The results show that a decrease in recirculation ratio from 6 to 1.25, decreases the charge significantly. This 
is in principle the same observation as in Figure 3a. A further reduction is possible, if the tube diameter is 
reduced (following the pareto front, Figure 4b), but comes with an increasing heat exchanger area (longitudinal 
length increase, Figure 5a) and the transverse tube pitch (Figure 4d) increase as well. If both the diameter is 
decreased toward 12 mm and the number of tube circuits is increased from 6 to 12, a further reduction of the 
charge is possible even with a smaller heat exchanger area. This is especially an important result because it 
indicates that the charge and the cost of the heat exchanger, assuming the heat transfer area is proportional to 
the heat exchanger cost, can be reduced simultaneously, although the total number of tubes increases (see 
Figure 5b).  

The pareto fronts tend to become flat as the recirculation ratio decrease, but it is likely due to the lower bound 
of the longitudinal tube pitch and tube diameter (Figure 4b and 4c), which in principle could have been lower, 
thereby given rise to even lower heat transfer areas or lower refrigerant charge. 

Interestingly, the baseline geometry is optimal at a low recirculation ratio and 6 tube circuits, and falls directly 
on top of the pareto front. However, as the recirculation ratio increases, the baseline geometry gets further 
away from the pareto front. It should be noted, that the model solves for the required longitudinal length of the 
heat exchanger in order to deliver the required cooling capacity. This means that the gap between 22.5 kW and 
the capacity curve in Figure 3a are eliminated by adjusting the longitudinal length. This is why the airside 
pressure drop increases as the recirculation ratio increases too (Figure 4a, text in red).  

Two very important evaporator design parameters are the gas and liquid velocities, respectively, as shown in 
Figure 5c and 5d and calculated at the evaporator outlet with the slip ratio correlation by Zivi. Because Zivi 
assumes a constant slip ratio, the values in these two figures differ by the slip ratio directly, calculated to be 9. 
These values (Figure 5c and 5d) do not seem to decrease significantly as the recirculation ratio decreases and 
it ensures that oil is not retained inside the evaporator as well as a reasonable heat transfer coefficient. 
Moreover, general rule of thumb indicate on the order 10 m/s for gaseous ammonia (Granryd et al., 2009). 

4. DISCUSSION 

The presented results serves as guidelines for evaporator manufacturers and control equipment suppliers. The 
results show how the main geometry (tube outer diameter, longitudinal tube pitch and transverse tube pitch) 
change with the recirculation ratio as well as the number of tube circuits. It is difficult to point directly at a 
specific optimal point on the pareto front, and this is likely subjective choice depending on a choice of trade-
off between charge and heat exchanger area.  

Some tools exist to analytically calculate knee points of pareto fronts, which provides a compromise between 
the two objective functions. In the current study, the knee does not reveal exactly at the lowest recirculation 
ratio (1.25) and highest number of tube circuits (12), because the lower bound of the longitudinal tube pitch is 
reached. Choosing a point close to an imaginable knee, say 70 m2 area, corresponds to 1.20 kg charge, and 

 38.5 mm,	  43.4 mm,  12.3 mm,  7.4 (7),  23.4 (23) and ∆ 54.7 Pa. This result 
show that the optimized evaporator is more compact compared to the baseline evaporator. However, it should 
also be noted that the proposed evaporator is more prone to have refrigerant mal-distribution. 

The methodology used herein provides 12 pareto fronts for several recirculation ratio and number of tube 
circuits. If these values were included in a single optimization, and the genetic algorithm would converge at 
the lowest recirculation and the highest number of tube circuit constraints, and it would not indicate a 
reasonable overview of the effect of these important parameters.  

5. CONCLUSION 

The multi-objective optimization showed that a large reduction of refrigerant charge is possible by considering 
solely the recirculation ratio. If a further reduction of charge is favoured, a simultaneous reduction of the tube 
diameter as well as increase of tube circuits are necessary and it is even possible with decreased heat exchanger 
size and volume. Furthermore, the gas and liquid velocities at the outlet of the evaporator does not raise 
concerns about possible oil retention or weak two-phase heat transfer.  
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NOMENCLATURE 
 

Roman Subscripts  
 area (m2)  gas 
 capacitance flow (W/K)  liquid 
 diameter (m)  longitudinal 
 specific enthalpy (J/kg)  outer 
 pressure (Pa)  recirculation 
 length (m)  transverse 
 mass flow rate (kg/s)  tube circuits 
 number (-)   
 heat flow rate (W) Greek 
 fin spacing (m)  heat transfer coefficient (W/m2K) 
 temperature (°C)  effectiveness (-) 
 velocity (m/s)  efficiency (-) 
 tube pitch (m)   
 quality (-)   
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