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If there's any single HVAC system topic that has been the subject of more articles in our technical journals than any other in recent years it would probably be chilled water systems. A study of these articles and papers reveals that the large majority were directed at curing or solving a problem or problems that the author observed in an existing system or systems.

Although many of these publications have included concepts that are quite useful and that solve a problem for the author, it is unfortunate that some of them have been represented as a universal solution through generalization of the issues. When this is done, of course, controversy abounds--thus possibly the reason for the widespread discussion on the topic.

The purpose of this article is not to demonstrate yet another universal fix, but rather to address the fundamental physics of chilled water systems from a perspective of engineering philosophy and to explore those features that appear most desirable and least desirable as options to a design engineer.

If there is a universal solution to the design of chilled water systems it is simply to follow that cornerstone of engineering philosophy expressed most eloquently by Albert Einstein, "Everything should be made as simple as possible but not simpler." The fact that there are two separate sets of physical principles1 involved in a hydronic system, each of which are interdependent upon the other, the addition of any "fix" can cause untold problems that are not readily evident. Thus, if the "simple as possible but not simpler" suggestion is accepted as the universal solution, it can take many forms or configurations.
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First, as in the design of any engineered system, the fundamental design parameter--that which cannot be sacrificed to accommodate any other--is the performance. If there is any mistake that is made more often than all others, it is the failure of designers to recognize this fact. At the outset, the designer must have a specific definition of what is and what is not to be considered acceptable performance of the system, machine, device, or whatever it is that he or she is setting out to design. Then, as the design evolves, if any other (secondary) parameter is accepted that will adversely effect the achievement of the fundamental parameter, the fundamental parameter must be re-defined.

In discussing chilled water systems, the performance parameter could be defined in many different ways, depending upon what type of loads the system was to serve. Examples of differing loads might be:

  A single cooling coil intended to cool and dehumidify for human comfort. 

  A multitude of cooling coils intended to cool and dehumidify for human comfort in which all of the loads (sensible and latent) varied with time in about the same proportion. 

  A multitude of cooling coils intended to cool and dehumidify for human comfort in which some of the loads (sensible and latent) could be toward one extreme (as a percentage of full load) while others were at the other extreme. 

  A combination of cooling coils some of which are intended to cool and dehumidify for human comfort while others serve process loads, some of which could be toward one extreme (as percentage of full load) while others were at the other. 

  Process loads only, all of which vary in near equal proportions and require equal and constant supply water temperature. 

  Process loads that are totally independent from one another in their time integrated part load requirements and all of which have differing supply water temperature needs. 

  Any combination of the above six. 

For simplicity in discussion, the seven load types shown will be referred to as Load Types 1 through 7. The chilled water system would then have to function in such a way at all times in which a load was imposed, as to make available to each load device (coil or heat exchanger), chilled water in the amount required and at the entering temperature required, and to return to the source, water at the temperature at which the source was designed to receive it and process it.

Fundamental principles[image: image3.png]
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The most fundamental principal, and one often overlooked in many discussions or dissertations on such "problems" as low delta-T syndrome, is the first law of thermodynamics. An expression of this law for a chilled water system is the simple heat capacity equation:

q = m C (tr - ts) Btuh (1)

And, expressed in gpm water flow for chilled water systems is closely approximated by:

q = gpm (500)(tr - ts) Btuh (2)

Aside from serving as a tool for designing chilled water systems, this equation serves as a design aid in providing certain guides and limits (constraints) on what one can and cannot hope to achieve.

For example, consider the simple energy flow diagram of Fig. 1. The square block represents the boundaries of a load of quantity or size q, with the flow rate represented by the gpm and the inlet and outlet temperatures as ts and tr. And, of course, if it is a cooling load, tr >ts.

With the load (q) as the independent variable, there are three dependent variables--gpm, ts, and tr, each of which is interdependent upon the other two. Since most larger chilled water systems fall into the categories of Load Type 3 or 4, designers have found that it is desirable to fix the supply water temperature serving the loads, i.e., to hold the supply water temperature constant. Once this decision is made, the chilled water plant must be designed to supply a constant or fixed supply water temperature. This then becomes a fundamental parameter.

Having established ts as constant, under all conditions of load variation the system design capacities for flow rate (gpm) and return water temperature can only be established by selecting one and calculating the other. For example, if the design return water temperature is selected at 12 F above the supply (a DT of 12 F) then the gpm per ton of capacity would simply be:

gpm = 12,000/(500)(12)

gpm = 2 gpm/ton

If the load were to change, the system design must accommodate for changes in the three dependent variables to keep the first law in balance. For example, if any load at any given time is one-half of design, and if the supply water temperature is fixed at the design value (fundamental parameter), then only one of three things can happen:

  The flow rate reduces by half. 

  The DT reduces by half. 

  Some combination of the above. 
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1 Energy flow diagram for load system.
Considering this part load condition from the perspective of the chilled water plant looking at the load, the "system" of Fig. 1 could represent a single cooling coil or a network of numerous coils spread throughout a campus system or a municipality served by a central utility plant. This is an extremely important observation because if it is considered a design parameter of the plant to have both a fixed supply water temperature (fundamental parameter No. 1) and a fixed return water temperature (to avoid low DT syndrome), then the first law requires that the flow rate must vary in direct proportion to the load, i.e.:
q = gpm [(500)(DT)]

where [ ] = Constant

or, q ~ gpm

Another fact that is revealed by the first law is that if the water is returning from the load at a lower temperature than the desired tr, there is nothing that can be done in the design of the plant to raise that temperature!
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2 Energy flow diagram for chiller or chiller plant.
Fig. 2 is identical to Fig. 1 except that the load system was replaced by the plant or source system--with water entering the plant at temperature tr, leaving at temperature ts, and thermal energy (qp) leaving the refrigeration plant in an amount equal to the load energy plus the refrigeration plant energy (second law plus auxiliaries and friction energy). Then considering Fig. 2, the two temperature extremes within the system fluid are tr on the high end and ts on the low end. Simple logic reveals that the water at any point within the plant must be equal to ts or ts or at some value between these two. Thus, nothing that can be done in the design of the plant will raise the water temperature at any point above tr except to add more heat (load) to the water!

The conclusion of this first law analysis is that if a design objective is to maintain a fixed (or reasonably fixed) return water temperature this must be done in the design and control of the utilization or load systems since the temperature can only be reduced at the plant.
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3 Energy flow diagram for chilled water system showing boundries and energy flows.
Fig. 3, which connects the systems of Figs. 1 and 2, is simple but significant in that it clearly demonstrates the intrinsic linking of the loads and the source (plant). The significance of the two temperatures ts and tr is interesting; it can be thought of as a typical customer/supplier relationship. The customer (the load) wants a constant ts and has no interest in the tr except as its load has been served. The supplier (the plant) on the other hand has no intrinsic interest in the ts but wants a high (or constant) tr and also wants to minimize the plant energy, ep, (two synergistic objectives). The designer then has an obligation to design a system that can successfully satisfy both the customer and the supplier.

The objectives simply stated are:

  Fixed supply water temperature ts (to satisfy the customer)--If the supply water temperature drifts above a design maximum, the loads cannot be served. 

  Reasonably fixed return water temperatures (to satisfy the supplier)--If the return water temperature drifts below a design minimum, the adverse effects upon the plant operation are: 

· Refrigeration energy increases 

· Pumping energy increases 

· In multiple chiller plants, more chillers must usually be run than those with the capacity to serve the load. 

It is for the foregoing reasons that a chilled water plant cannot be designed independently of the loads.
Load designs to address the objective[image: image8.png]




 HYPERLINK "http://www.hpac.com/member/basics/chilled/" \l "article" top of article

 INCLUDEPICTURE "http://www.hpac.com/member/onepix.gif" \* MERGEFORMATINET [image: image9.png]



There are many methods of connecting loads to a chilled water system to satisfy the objectives discussed above. Different designers and owner/operators have preferences for some types over others. But,most methods fall into one of the following categories (Fig. 4).
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4 Generic load connections for variable flow chilled water systems.
Fig. 4(a), (b), and (c) represent three options for connecting loads across a system with a constant supply water temperature and a reasonably fixed (or minimum) differential pressure across the branch from S to R with ps > pr.

Fig. 4(a) would be representative of a typical single coil load with the control valve positioned by a sensor-controller that senses the load. Where the return water temperature is deemed a critical parameter, the valve can be controlled by a return water temperature controller with a preset minimum reset by the capacity controller.

Fig. 4(b) represents a branch connection that serves multiple loads with a constant flow tertiary circuit. This circuit is a constant flow variable DT circuit with a reset supply water temperature. The figure shows two different load control options (wild flow and three-way valve control). The system control valve is controlled by a return water temperature controller.

Fig. 4(c) represents a branch connection that serves multiple loads with a variable flow tertiary circuit. This circuit will essentially reduce the flow rate (gpm) in the load circuit as the load reduces, holding a reasonably fixed DT and a reasonably constant supply temperature to the loads. The system control valve is controlled by a return water temperature controller.

Fig. 4(d) illustrates the option of connecting any of the other loads in a system--(a), (b), or (c)--with distributed pumping. Some designers prefer to install the distribution system pumps distributed at the various load locations in lieu of centralizing them in the plant. This technique can be applied to any load configuration option by replacing the system control valve with a variable speed pump and check valve.

Plant designs to address the objective[image: image11.png]
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Just as there are many ways to design the loads to achieve the objectives, plant designs can include many arrangements and configurations. Not only is there no "best" design to satisfy all situations, there is no "best" design to satisfy any specific situation as described by a load or combination of loads. And as with the loads, the first law, Equation 1, will prevail at all times. And if the plant is under control, it will and can only remove the heat that the load added--no more, no less. Some very simple rules to remember when designing the plant are:

  The water entering the chillers can never be warmer than the water entering the plant. 

  The water entering the plant can never be warmer than the weighted average of the water leaving the loads. 

  The load on the plant is equal to the product of the flow leaving the plant, the delta-T, and the appropriate constant. 
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5 Simplified diagrams of generic chilled water plants.
Generic plant configurations are shown in Fig. 5. Regardless of the plant configuration, basic hardware limitations dictate that every chiller has a critical range of flow rates through which it will safely operate. Thus, if the plant designer elects to vary the flow through the chiller(s), the control system must be designed to limit the variability within that range. It is for this reason that designers (and chiller manufacturers) have historically chosen the simplicity of constant flow through operating chillers. As a matter of fact, this requirement more than any other has driven the designs of chilled water systems for the past 50 years.

Fig. 5(a) is the simplest--the single chiller plant. The single chiller plant was responsible for the almost universal use of the three-way valve in chilled water systems for many years because the three-way valve provided reasonably good variable flow to the load to accommodate load control while providing essentially constant flow to the source or chiller.

Fig. 5(b) was the obvious evolution from the single chiller plant--the multiple chiller plant with parallel chillers. These plants resulted from a desire for improved reliability in the event of a "failed" chiller, to accommodate load requirements that exceeded the capacity of a single (available) chiller, or to provide for a plant with a "low" load less than that achievable with a single chiller (i.e., turndown). With the simplest multiple chiller plant (one in which the design load was equal to the total capacity of the chillers), the earlier systems utilized the same three-way valve load control as the single chiller plants. But, it was quickly observed that the constant flow rates (gpm) provided by the three-way valves resulted in variable delta-T, and if a constant supply water temperature, ts, were required, both chillers would have to run at all times. If one chiller was turned off at part load, supply water temperature at 45 F from the "on" chiller would mix with return water temperature from the off chiller, sending the supply water to the system (the loads) at some temperature between the outlet of the on chiller and the return. Thus, when used on a three-way valve system, this arrangement was a constant gpm, variable delta-T system with a step reset supply water temperature.

To provide constant supply water temperature with variable delta-T, constant flow (gpm) systems for multiple chiller plants, designers turned to the series chiller plant configuration of Fig. 5(c). This configuration could serve a constant flow variable delta-T system and provide constant supply water temperature to the limits of the turndown capacity of the last chiller in the series as long as the last chiller (No. 2 in Fig. 5(c)) could handle the full flow. (Chiller one, of course, could be replaced with multiple chillers in parallel.)

It is significant to note that the plants of Figs. 5(a), (b), or (c) are basically constant flow (gpm) plants that require the use of three-way valves on the loads. If a designer chose to use two-way valves, the overriding parameter to prevent reduced flow below the chiller's capabilities would be chiller flow requirements and not return water temperature. Many plant configurations were designed using techniques of Fig. 6 to accommodate minimum chiller flow requirements with two-way valve load controls.
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6 Variable flow simplex plants with parallel chillers.
In some cases, the configuration of Fig. 6(a) is used even with single chiller plants. The design algorithm simply requires that the bypass valve Vb opens as the load valves close to assure adequate flow through the chillers. Note that this scheme only assures adequate chiller flow, but if chillers are turned off at part load, the temperature of the supply water from the plant will rise.

To accommodate this concern, Valves Vc1 and Vc2 were added. Usually, the control sequence was that one of the chiller valves would close after the load flow reduced to that at which the chiller was not required. When the flow reached the required minimum for the last chiller on the line, the bypass valve, Vb, would modulate to provide the necessary flow for that chiller. Note that at that point mixing would occur at Tee-Y and the return water temperature would drop.

The compound pumping system plant of Fig. 5(d) was developed to simplify the problem of supplying constant chilled water temperature with multiple chillers. The elegance of the design is that its basic concept is to serve a variable flow load. If, indeed, it is connected to a constant flow load, it looses its purpose. Recognizing that the varying flow is created by the load system, the plant simply responds to those variations, and as the system flow reduces in response to load, the chillers will unload in unison (bypass location a) or in sequence left to right (bypass location b). However, if the load control does not provide the flow variations and the necessary level of return water temperature, there is nothing that can be done in the plant design to compensate.

In an effort to "accommodate" the failure of the design or operation of the load devices to function as intended, a common error in logic has been to re-design the plant to cope with the failure.
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7 Compound pumping plant with check valve "solution."
One solution that has been suggested is to install a check valve in the plant "common pipe" or decoupling line circuit as shown in Fig. 7. However, to be realistic, all that the check valve can do is assure that no water bypasses the chillers, which in turn has the effect of increasing the flow in the chiller. Thus, with the installation of the check valve must be an algorithm to either slow down system pump(s) when flow increases beyond the design maximum for the "on" chiller or turn on additional chillers. Thus the check valve "solution" offers its own problems, and many designers feel very uncomfortable with forcing pumps into series operation without the benefit of understanding the full impact thereof.

Another solution that has been proposed to the low return water temperature problem is to overpump the chillers. The concept is that if the load control fails causing the return water temperature to drop at part load conditions, less chillers can often be operated by increasing the flow through the chillers to increase the delivered chiller capacity at the low delta-T condition. Since the chiller is usually configured as a constant supply water temperature device, reference to Equation 2 reveals that at a fixed leaving water temperature (ts) a reduction in return water temperature will reduce the available capacity of the machine (q) unless the flow rate (gpm) is increased proportionally.

However, these "solutions" as well as many others that have been proposed are methods of avoiding the basic problem. If a system is designed for variable flow constant DT control and the operation results in constant flow variable delta-T, there is either a problem with the design or the operation of the load control system,and this is where the "fix" should be directed.

A major problem that designers have made in working with these variable flow compound pumped systems (Fig. 5(d)) is that they have assumed that the purpose of the design was energy conservation through variable speed pumping, and this is incorrect. The purpose of the design is as stated above, to provide constant supply water temperature with multiple chiller plants while gaining the benefits of variable flow energy economics.

Again, referring to Fig. 4, regardless of the design of the plant, if the distribution system is motivated by a plant pump or pumps and the loads are controlled by two-way valves as in Figs. 4(a), (b), and (c), it is the two-way valves that provide the variable flow. If the return water is returning at too low a temperature, the problem lies in either the valve or the valve controls or in the heat transfer coupling between the water and the air (dirty coils, etc.). Another important point to remember in these types of systems is that variable flow system pumps simply respond to the flow variations dictated by the two-way control valves.

If the system is a distributed pumping system (Fig. 4(d)), the problem will be in the control of load pump or the heat transfer coupling.

One certainty is that if a system is designed as variable flow and is experiencing operating problems related to low return water temperatures, the solution is not in the plant but rather in the load! And from the standpoint of engineering philosophy, to design a plant for variable flow, then add the complexity to allow it to operate at variable delta-T, is questionable logic at best.

Some engineers have observed that plant operators have difficulty in understanding variable flow systems--this is true. It seems quite "logical" to the layman or to anyone without a firm understanding of the first law (Equation 2) that with a chilled water system, if one needs more cooling all he needs to do is get more water flow. Thus, the first thing many operators will do when there are cooling problems (for any cause) is remove any obstacle to water flow. And, of course, in a well designed system with properly designed decoupling connections, more water flow will often decrease cooling capacity at the load. The solution to this problem is training, and the fundamental principal for this training is the first law. (A skilled technician in training plant operators reduced this principal to a very concise and understandable expression--"Tons be Tons.")

Summary[image: image16.png]
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In the design of a chilled water plant, the first requirement should always be to identify the types of loads as described in the opening paragraphs. The following sequence of design tasks should be followed:

  Identify the types of loads to be served. 

  Design the load connections to receive water at the temperature(s) supplied from the plant and return water at the temperature required by the plant. 

  Design the plant to operate in harmony with the load requirements. 

  Keep all design concepts and algorithms as simple and understandable as possible. 

The dynamics of the load and the source are intrinsically interdependent, thermally and hydraulically, and the failure of any component to perform as designed cannot be accommodated by adding complexity to the other components.

The foregoing discussion addressed these concepts for plants serving load types 2 and 3. Other load types would require, possibly, other fundamental performance parameters such as variable supply water temperature and variable flow system pumps.

There is no such thing as a universal chilled water plant design that can serve any load connected. In campus-type chilled water plants or municipal plants, the plant design must include connection standards for any loads connected, and experience has proven that the use of simple load connections such as 4(b) or (c) at, say, each building entrance, simplifies the metering and the management and control of the system.HPAC
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