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ABSTRACT

This work investigates the sizing of chilled water distribution systems in industrial settings, focusing on energy efficiency and flow control. Through simulations using AFT Fathom software, the study analyzes how pipe diameters, pump power, and the use of control valves affect the performance of a chilled water network with four consumers.  Using a Brazilian ethanol plant as a practical case study, the research demonstrates the phenomenon of hydraulic short-circuiting, where shorter branches can compromise the supply to larger ones. The results indicate that increasing the diameter of critical piping and utilizing Variable Frequency Drives (VFD) are effective strategies, though they increase operational complexity.  The study concludes that a necessary balance must be reached between reducing energy consumption, and ensuring all units’ chilled water demands are met. Finally, the work proposes the development of a design methodology to reconcile economic savings with systemic reliability.   
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1. Introduction
Traditional design for cooling and chilled water distribution frequently relies on heuristics or shortcut methods to size pumps, piping, and valves due to their simplicity.  However, these methods often yield suboptimal designs that fail to account for operational challenges such as hydraulic short-circuiting, where specific branches define the pumping head and starve other consumers.  Moreover, water consumption is usually a varying operational parameter in industries; hence the distribution system must account for these variations (Pontes, 2024). 
The synthesis of Chilled Water Networks (CHWN) has adapted concepts from cooling water systems to promote resource conservation (Lee et al., 2013).  By exploring opportunities for reuse and recycle, designers can lower the overall chilled water flow rate, thereby reducing pumping energy and increasing chiller efficiency through higher return temperatures (Majozi and Moodley, 2008).  Mathematical frameworks often compare direct integration (direct transfers between units) with indirect integration, which utilizes intermediate mains as hubs to improve network flexibility and ease of control (Liu et al., 2021).
Pumping represents a significant portion of a system's total annual cost.  Recent studies introduce matrix approaches to simultaneously optimize pipe diameters and pump selection, ensuring hydraulic balance across all branches (Zheng et al., 2018).  The implementation of main-auxiliary pump configurations and Variable Frequency Drives (VFDs) is recommended to mitigate energy losses in valves (Souza et al., 2014), although VFDs must be carefully evaluated to avoid net energy increases if the pump operates primarily at its design point (Pontes, 2024).
The complexity of multi-chiller systems has led to the adoption of data-driven modeling.  Residual Neural Networks (ResNet) have been shown to outperform traditional artificial neural networks (ANN) and support vector regression in predicting energy consumption based on controllable and environmental parameters.   To find global optima within these non-linear spaces, researchers employ swarm intelligence algorithms, most notably the Grey Wolf Optimizer (GWO), which offers superior convergence for dynamic control strategies (Du et al., 2021).
To address global water shortages, modern designs integrate air coolers and closed cooling towers to share heat loads and minimize water loss (Liu et al., 2022).  Furthermore, flexible topology networks allow for the adjustment of connection patterns between coolers in response to seasonal changes, ensuring the system remains efficient throughout the year.  For complex structures like high-rise buildings, new zonal simulation methods utilizing multi-thread parallel computation significantly reduce simulation time while maintaining accuracy in calculating hydraulic behavior across different floors (Yang and Wang, 2022).
This work defines the Range-Oriented Design (ROD) concept for chilled water distribution system.  ROD focuses on the system's ability to operate efficiently across a spectrum of expected and unexpected water demand variations rather than just at a single maximum demand point (Pontes et al., 2022).  As case study, this work replicates the chilled water distribution system of an ethanol plant in northeastern Brazil.

2. Methodology
This report details a novel approach, Range-Oriented Design, for designing chilled water distribution systems, and this approach can also be used for the design of similar systems.  In ROD, the focus is shifted from static peak-load calculations to a comprehensive analysis of system behavior across a broad operational range, accounting for demand variations and equipment turndown. 
The ethanol plant used as case-study has 4 consumers with different chilled water demands that are listed in Table 1.  A chiller is used to supply water at 5 oC to these consumers through a single supply header.  As the header passes near the consumer, a branch is derived connecting the header to the branch.  Heat rejected from the consumers is absorbed by the chilled water that flows through the second half of the branch to the return header that travels back to the chiller, and thus closing the chilled water circuit as shown in Figure 1.

Table 1. Case study chilled water consumers.

	Branch
	Consumer
	Design demand (m3/h)
	Distance from pump (m)

	1
	Vent condenser
	10
	131.6

	2
	Beer column vacuum condenser
	12
	141.6

	3
	Enzyme cooler
	3.3
	143.6

	4
	Regeneration receiver vacuum condenser
	95
	145.6
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Figure 1. Chilled water distribution system

The arrangement shown in Figure 1 is a relatively simple distribution design that is widely used in many plants.  It should be noted that this arrangement can yield small branch short-circuiting.  If the heat exchanger in a small consumer branch imposes a high pressure drop during peak consumption, even fully opening the branch control valve can be insufficient to allow water flow through the branch, since water might flow through a larger branch that has a lower pressure drop.  To avoid such short-circuiting, pump power is increased, and this generates energy waste as larger branch control valves’ openings are decreased to increase the pressure drop in the larger branch to avoid smaller branch short-circuiting.  Small branches with high pressure drop that determines the distribution system pump power are defined as the critical branches.
AFT Fathom 13 software was used to simulate the chilled water circuit shown in Figure 1.  The pipe diameters were sized to satisfy the maximum 0.3 bar / 100 m of piping constraint (Pontes, 2024).  It should be noted that the actual distribution system designed for the ethanol plant uses 4 inches piping diameter for Branch 4, and has no control valve in that branch.  Three different non-VFD centrifugal pump models (low, medium, and high power) were analyzed, along with the medium-power pump operating with a VFD.  All of these pump models had their characteristic curves based on the Goulds Pumps 3196 catalog.  The control valves were sized according to the piping diameter, and the respective Kv curve was obtained from the Sude 1750/1760 series catalog.  Simulations were made varying: chilled water demand, pump model, control valve presence in each branch, heat exchanger flow resistance, and piping diameter in Branch 4.
The core objectives of this analysis are:
· Comprehension of the "short-circuiting" phenomenon in both simple and complex distribution networks.
· Identification and analysis of influential parameters, including flow rates, heat exchanger flow resistance (K-values), and pipe diameters.
· Evaluation of energy consumption and control valve efficiency, particularly regarding the Best Efficiency Point (BEP) and energy waste.

3. Results

3.1. Water consumption variation
Simulations were made varying each heat exchanger water demand, analyzing control valve openings in all branches.  As expected, varying the flow rate in a small branch does not affect the control valve openings of the other branches.  However, varying the larger branch flow rate can increase the other branches’ control valve openings to about 5%.  The results for the simulation of a 4-inch large branch (4th consumer) are shown in Figure 2.  For flow rates above 120 m3/h, the simulated configuration for the distribution system failed, and water could not flow through the 4th branch.  Hence, either a larger 4th branch diameter or a more powerful pump has to be used.



Figure 2. Valve openings as a function of water flow rate in Branch 4

By varying heat exchanger flow resistance (K-value), the results showed that for the 3 smaller branches, there was no significant alteration in the control valve openings.  However, when the K-value is increased for the larger branch (the fourth one), the distribution system is not able to meet Branch 4 chilled water demand.  This is shown in Figure 3.  For this particular distribution system, the critical branch is the larger branch.  To avoid distribution system failure, Branch 4 piping diameter must be increased from 4 inches to 6 inches.
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Figure 3. Valve openings as a function of heat exchanger flow resistance in Branch 4


Table 2 compiles the failure percentages for all the simulated scenarios when Branch 4 has 4-inch piping.  Also, Table 2 lists the percentage of near-failure scenarios, when the control valve openings operate outside the 20-80% recommended range.











Table 2. Percentage of failures or near-failure scenarios for Branch 4 sized in 4 inches diameter


	Control valve
	1
	2
	3
	4

	Low power pump
	Valve failure occurs
	0%
	0%
	0%
	29.7%

	
	Valve operates at 0-20% opening
	7.7%
	6.2%
	57.1%
	0%

	
	Valve operates at 80-100% opening
	0%
	0%
	0%
	5.5%

	Medium power pump

	Valve failure occurs
	0%
	0%
	0%
	26.0%

	
	Valve operates at 0-20% opening
	7.7%
	7.7%
	80.8%
	0%

	
	Valve operates at 80-100% opening
	0%
	0%
	0%
	2.6%

	High power pump
	Valve failure occurs
	0%
	0%
	0%
	17.9%

	
	Valve operates at 0-20% opening
	11.5%
	7.7%
	80.8%
	0%

	
	Valve operates at 80-100% opening
	0%
	0%
	0%
	4.8%

	VFD power pump
	Valve failure occurs
	0%
	0%
	0%
	35.2%

	
	Valve operates at 0-20% opening
	7.7%
	0%
	15.4%
	0%

	
	Valve operates at 80-100% opening
	0%
	0%
	0%
	7.0%



By increasing Branch 4 piping diameter to 6 inches, the number of failures significantly decreases for Branch 4.  This shows that the actual system is underdesigned.  However, Branch 4 is still the critical branch in this design scenario as shown in Table 3.

Table 3. Percentage of failures or near-failure scenarios for Branch 4 sized in 6 inches diameter


	Control valve
	1
	2
	3
	4

	Low power pump
	Valve failure occurs
	0%
	0%
	0%
	2.2%

	
	Valve operates at 0-20% opening
	7.7%
	57.1%
	6.2%
	0%

	
	Valve operates at 80-100% opening
	0%
	0%
	0%
	2.7%

	Medium power pump

	Valve failure occurs
	0%
	0%
	0%
	1.5%

	
	Valve operates at 0-20% opening
	7.7%
	80.8%
	7.7%
	0%

	
	Valve operates at 80-100% opening
	0%
	0%
	0%
	3.1%

	High power pump
	Valve failure occurs
	0%
	0%
	0%
	0.4%

	
	Valve operates at 0-20% opening
	11.5%
	80.8%
	7.7%
	0%

	
	Valve operates at 80-100% opening
	0%
	0%
	0%
	0.4%

	VFD power pump
	Valve failure occurs
	0%
	0%
	0%
	0.7%

	
	Valve operates at 0-20% opening
	7.7%
	15.4%
	0%
	0%

	
	Valve operates at 80-100% opening
	0%
	0%
	0%
	0.4%





The results given in Tables 2 and 3 show that failures decrease when pump power is increased.  The trade-off is evidently the increased electrical energy consumption.  Table 4 shows how the pump model affect the consumed power when all branches consume water at the respective design demand.

Table 4. Power consumption according to the used pump model (Branch 4 with 6 inches, all branches consume chilled water design demands)


	Pump Model
	Pump power (kW)

	Low power
	8.55

	Medium power
	10.0

	High power
	15.1

	VFD-operated
	10.9




Using a high-power pump to avoid failures can increase more than 50% of the electrical energy consumption in the plant.  The VFD-operated medium-power pump also decreases the number of failures but it increases the consumed power.
Removing the control valve in Branch 4 was the solution that the ethanol plant actually used.  This prevents failures at the high cost of considerably increased energy consumption.  In the case where the distribution system has Branch 4 with a 6-inch piping, and uses the medium-power pump, and all the 3 smaller branches consume chilled water at design demand, the flow rate through Branch 4 spikes to 189 m3/h (design demand is 120 m3/h).  Pump power spikes accordingly to 19.0 kW, a 90% increase in power consumption.


4. Conclusions
The results presented in this work are only partial and require further analysis.  Despite this, some conclusions can be drawn.  The study case distribution system used for this report has as a critical branch the largest one.  This means that the small branches do not cause high energy losses to the largest branch control valve.  High fouling in Branch 4 heat exchanger can cause constraints to the water distribution system.  In some of the simulated scenarios, this high fouling led to flow control difficulties in the smallest branches.  This happens due to small branches’ control valve having to operate with a very small opening (even near 0%) to avoid short circuiting the largest and critical branch.  Increasing pump flow rate causes the water to flow through other branches as the higher head loss through the heat exchanger impedes increased water flow rate in the critical branch; hence short circuiting the critical branch.  Although the largest branch is the critical one in the study case, the results show that variations in the largest branch chilled water consumption can cause relatively significant variations in the small branches’ control valve.openings.  
To avoid chilled water supply failure to a critical branch, the distribution system design can either remove the control valve in that branch, or use a more powerful pump.  Both solutions increase considerably power consumption.  It should be noted that these solutions mitigate the problem but not completely.  Using a VFD to operate the pump can decrease significantly the number of failures but will not eliminate all failed scenarios.  Furthermore, if the pump operates most of the time at the design point, the use of a VFD can increase the overall power consumption.  In some cases, the best solution is to supply water to a large consumer through an exclusive header. 
The analyzed results show that there is a tradeoff between power consumption and operating range.  Distribution systems designed to operate with low power consumption have limits to the system operating range.  The authors propose to continue with the result analysis to verify if this conclusion holds true for all the simulations performed.  Additionally, the authors aim to propose a method to yield an optimal design with an objective function that minimizes the power consumption ensuring that the expected operating range can be met.
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