Fundamentals of Heat Exchangers
Introduction
In almost any nuclear, chemical, or mechanical system, heat must be transferred from one place to another or from one fluid to another. Heat exchangers are used to transfer heat from one fluid to another. A basic understanding of the mechanical components of a heat exchanger is important to understanding how they function and operate.

A heat exchanger (HX) is a component that allows the transfer of heat from one fluid (liquid or gas) to another fluid.  This short course on the fundamentals of heat exchangers will concentrate on one particular type, that being recuperative (or non-regenerative) heat exchangers, where heat energy is transferred from one fluid to another fluid through a dividing wall.  This dividing wall is typically referred to as the interface between the two fluid streams.  Reasons for heat transfer include the following:

1. To heat a cooler fluid by means of a hotter fluid
2. To reduce the temperature of a hot fluid by means of a cooler fluid
3. To boil a liquid by means of a hotter fluid
4. To condense a gaseous fluid by means of a cooler fluid
5. To boil a liquid while condensing a hotter gaseous fluid

Regardless of the function the heat exchanger fulfils, in order to transfer heat the fluids involved must be at different temperatures and they must come into thermal contact. Heat can flow only from the hotter to the cooler fluid.  It is important to note however, that there is no mass transfer between the fluids in question, i.e. the fluids do not mix with one another.

Although heat exchangers come in every shape and size imaginable, the construction of most heat exchangers fall into one of two categories: tube and shell, or plate. As in all mechanical devices, each type has its advantages and disadvantages.
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Types of Recuperative Heat Exchangers

As a result of heat exchangers coming in so many shapes, sizes, makes, and models, they are categorised according to common characteristics. One common characteristic that can be used to categorise them is the direction of flow the two fluids have relative to each other. The three categories are parallel flow, counter flow and cross flow.

Parallel Flow

Parallel flow configuration exists when both the tube side fluid and the shell side fluid flow in the same direction. In this case, the two fluids enter the heat exchanger from the same end with a large temperature difference. As the fluids transfer heat, hotter to cooler, the temperatures of the two fluids approach each other. Note that the hottest cold-fluid temperature is always less than the coldest hot-fluid temperature.














Counter Flow

Counter flow configuration exists when the two fluids flow in opposite directions. Each of the fluids enters the heat exchanger at opposite ends, and because the cooler fluid exits the counter flow heat exchanger at the end where the hot fluid enters the heat exchanger, the cooler fluid will approach the inlet temperature of the hot fluid. Counter flow heat exchangers are the most efficient of the three types. In contrast to the parallel flow heat exchanger, the counter flow heat exchanger can have the hottest cold-fluid temperature greater than the coldest hot-fluid temperature.








Cross Flow
Cross flow configuration exists when one fluid flows perpendicular to the second fluid; that is, one fluid flows through tubes and the second fluid passes around the tubes at 90° angle. Cross flow heat exchangers are usually found in applications where one of the fluids changes state (2-phase flow). An example is a steam system's condenser, in which the steam exiting the turbine enters the condenser shell side, and the cool water flowing in the tubes absorbs the heat from the steam, condensing it into water.  Large volumes of vapour may be condensed using this type of heat exchanger flow.
















Comparison of the Types of Heat Exchanger

Each of the three types of heat exchangers mentioned above have their inherent advantages and disadvantages. Of the three types, the counter flow heat exchanger design is the most efficient when comparing heat transfer rate per unit surface area. The efficiency of a counter flow heat exchanger is due to the fact that the average ∆T (temperature difference) between the two fluids over the length of the heat exchanger is maximised.


Calculation of Heat Transfer Rate

Heat transfer in a heat exchanger is achieved by two modes of heat transfer: namely, conduction and convection.  It is the case however, that the prime mode of heat transfer is by convection, and conduction is invariably considered as negligible.  The rate of heat transfer  in a heat exchanger, from the hot stream to the cold stream, is considered to obey the Principle of Conservation of Energy.  This means that the total energy in the system (i.e. heat exchanger) is constant, and can therefore be described by the First Law of Thermodynamics; energy can be transformed from one form to another, but can be neither nor destroyed.

The rate of heat transfer  in a heat exchanger is calculated using the following equation:



Where,	 = heat transfer rate (J/s or W)
		U = overall heat transfer coefficient (W/m2K)
		A = heat transfer area (m2)
		 = temperature difference (⁰C or K)


This fundamental model for rate of heat transfer between the two fluid streams, does not take into account the variation in temperature difference along the length (or surface area) of the interface between the two fluids.  Hence, really it would only be applicable at the two ends of the heat exchanger, or at a given position along the interface, as long as the exact fluid temperatures are known at that position.  The means by which this variation in temperature difference along the interface can be considered as a single temperature difference is by determining a weighted average value.

It can be seen from the temperature graphs of the parallel and counter flow configurations, that the temperature variation for the individual fluid streams are non-linear.  To account for these variations, a Log Mean Temperature Difference (LMTD) value is determined from the four known temperatures.

Consider again the temperature against interface length/area graphs for the parallel and counter flow heat exchangers.  The temperature difference at the left end is generally assigned as , and  for the right end of the heat exchanger.






So, for a parallel flow heat exchanger,	   and,
 .

For a counter flow heat exchanger,		and,
						.
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In actuality, most large heat exchangers are not purely parallel flow, counter flow, or cross flow; they are usually a combination of the two or all three types of heat exchangers. This is due to the fact that actual heat exchangers are more complex than the simple components shown in the idealised figures used above to depict each type of heat exchanger. The reason for the combination of the various types is to maximise the efficiency of the heat exchanger within the restrictions placed on the design. That is, size, cost, weight, required efficiency, type of fluids, operating pressures, and temperatures, all help determine the complexity of a specific heat exchanger.

One method that combines the characteristics of two or more heat exchangers and improves the performance of a heat exchanger is to have the two fluids pass each other several times within a single heat exchanger. When a heat exchanger's fluids pass each other more than once, a heat exchanger is called a multi-pass heat exchanger. If the fluids pass each other only once, the heat exchanger is called a single-pass heat exchanger.  Commonly, the multi-pass heat exchanger reverses the flow in the tubes by use of one or more sets of "U" bends in the tubes. The "U" bends allow the fluid to flow back and forth across the length of the heat exchanger.

Now if we were to consider the energy in a flowing fluid, particularly when no phase change occurs in the fluid, there is a thermodynamic relationship between the change in specific enthalpy and the temperature change of the fluid, i.e.

						(J/kg)

Where, cp is the specific heat capacity at constant pressure.   It can be shown from the Steady Flow Energy Equation (SFEE) that specific enthalpy is in fact the total energy of a fluid due to its pressure and specific internal energy (a property of its temperature – units of J/kg).  Where energy transfer is concerned, we prefer to use units of J/s, hence specific enthalpy is multiplied by mas flow rate (kg/s).  So,

						(J/s)
				
In this form however, specific enthalpy is also a measure of the rate of heat transfer from the fluid as a result of a temperature difference.

Hence,				

The above equation for rate of heat transfer, can therefore be applied to the heat energy lost, and the corresponding heat energy gained when heat energy is transferred across the interface in a heat exchanger.  So, this equation is fundamental in conducting a Heat (or energy) Balance, between two fluids in a heat exchanger.
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Structure of shell and tube type heat exchangers
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