CHAPTER

TWO

Basic Concepts

Chapter 2 focuses on the basic physica concepts concerning natural convection heat exchangers.
This chapter covers the basics of naturd convection; the relationships between tank gratification,
low collector flow rates, and system performance; and the distinction between natura and forced
convection in the natura convection heat exchanger. The solar fraction is defined, the tank energy
baance is outlined, and the shell and coil heat exchanger geometry is briefly presented.



2.1 Natural Convection in Fluid L oops

Congder the system in Figure 2.1.1. When solar radiation is above alevel needed to overcome
therma losses, glycol will be pumped through the collector where it is heated and then into the
NCHE. Energy will be trandferred from the hot glycal to the cold water in the heat exchanger. The
water in the heat exchanger becomes hot, while the water in the tank remains cool. Ascool weter is
denser than hot water, the water in the tank will be denser than the water in the heat exchanger.

Consequently the tank water will be heavier. The tendency will be for the heavier water to seek the
lowest point. In order to do o, it must push the lighter, hotter water in the NCHE away, through
point 1, into the tank. As the cooler water enters the heat exchanger from the tank, it in turn will be

heated, become less dense, and be pushed away by ill more water from the tank.
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Figure2.1.1 Diagram of Solar Domestic Hot Water System.

Congder the pressure at point 1 in Figure 2.1.1 to be a some nomind value. Assume the pressure
experienced at points 2 and 3 is due only to the static pressure of the water in the tank and NCHE
respectively. This would be the case when there is no flow. The following equations are used to

caculate the pressures at points 2 and 3:



Po=P;+TygH (2.1.1)
P3 = Pl +FHX g H (212)

where g = gravitationd congtant
I =average tank dengty
Myx =average HX density
H = horizontal digancefrom 1to 2

As the temperature is greeter in the heat exchanger than in the tank, the water will be less dense in
the heat exchanger, and therefore P, will be smdler than P,. As flow originates from higher

pressures and flows toward lower pressures, flow will commence, proceeding from point 2 to point

3.

Once the fluid is flowing, the shear pressure drop in the pipes and heat exchanger needs to be
conddered. High shear pressure drops in a piping system dow the water flow rate. Thin diameter
pipes, long pipes, and too many fittings and vaves make up sysems with overly large shear
pressure drops.  Differences in static pressure contribute to flow rate. The presence of large shear

pressure drops hinders the flow.



2.2 The Shell and Coil Heat Exchanger

Thermo Dynamics Ltd. of Nova Scotia manufactures a shell and coil, sdearm NCHE. The heat
exchanger comprises four helices of copper tubing with a combined length of 100 feet wound
around a core in a four inch diameter cylindrica shell. Top and Sde views of the Sdearm heet
exchanger are shown in Figures 2.2.1,2. The glycol flows within the helical copper tubes, the water
flows outsde the tubes. More detailed descriptions can be found in Appendix A.

Figure2.2.1 Top cutaway view of Thermo Dynamics shell and coil heat exchanger.



Figure 2.2.2 Sdeview of Thermo Dynamics shdl and coil Sdearm heet exchanger.

2.3 Natural Convection and Forced Convection

Although natura convection drives the water flow, at higher flow rates the flow experienced in the
NCHE is forced. It is necessary to distinguish between naturd convection in the water loop and
naturd convection within the heat exchanger itsdf as these have different heat trander
characteristics.  Natural convection in the water loop is, as described above, due to density
differences around the water loop. In the heat exchanger, this type of naturd convection is
experienced as a forced flow, and the heeat trandfer in the heat exchanger is due to primarily forced
convection. In contrast, Natural convection within the heat exchanger is dueto locd dengty
gradients within the heat exchanger. At low flow rates these natural convection effects become
evident. Although the water is being propelled by forced convection, some of the water in the heat
exchanger is moving on its own due to locaized natura convection. When the copper tubes are

hot, the water that comes close to the tubes will be heated, become less dense, and displace the
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nearby water that does not come into contact with the copper tubes. In this case flow can be

characterized as a combination of forced and natural convection.

Although natura convection in the heat exchanger enhances heet trandfer at low water flow rates, in
this work its effects are neglected. Fraser wrote a density correction factor to account for natura
convection in the heat exchanger, but this factor hed little effect on smulation results. This topic is
covered in detail in Sections 3.5.1 and 4.3.1.

2.4 Tank Stratification and System Efficiency
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Figure2.4.1 Five node dratified water storage tank.

Water storage tanks have a tendency to stratify. Due to naturd convection effects within the tank,
hot water rises to the top of the tank while cool water sinks to the bottom. From smulation studies
done on tank gratification, performance of SDHW systems with dratified tanks perform one-third
better than systems with fully mixed tanks (Wuestling et a. 1985). Lower water temperatures at the
tank’s bottom node entering the heat exchanger increase the heat transfer in the heat exchanger.

Hotter temperatures at the top tank nodes contribute to reduced need for auxiliary heating. This

degree of improvement of dratified tanks over mixed tanks is not fully redized in practice as red
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tanks are nether fully mixed or dratified, and water draws tend to mix the tank, destroying

dratification. Ultimately, load patterns and collector radiation input determine the level of sysem

enhancement due to tank dretification (Duffie and Beckman 1991).

2.5 Low Collector Flow Rates and System Efficiency

The SDHW system andyzed in this work utilizes glycol flow rates much lower than for stlandard
SDHW systems. Typically glycol flow rates range from 0.01 to 0.02 kg/m2-s. Low flow systems,
such as the system under study, generdly have glycol flow rates in the range of 0.002 to 0.007
kg/mZ-s. Low flow systems are associated with lower collector efficiencies. In low flow systems,
the glycol heats up more in the collector, and when hot takes in a reduced amount of therma
energy. In the heat exchanger, low glycol flow rates reduce heat transfer. As less energy is
transferred to the water in the NCHE, water flow rates become lower. Low water flow rates into

the tank better preserve tank Sratification, which in turn increases system efficiency.

On the one hand higher glycol flow rates account for grester collector and heat exchanger
performance, yet on the other hand lower glycol flow rates lead to greater tank performance. Every
sysem has an optima glycol flow rate wherein the benefits and detriments just described are
balanced, and where the system performs best. One of the gods of this study will be to find the
best configuration of system parameters, including glycol flow rate, which leads to optimd system

performance.

2.6 The Solar Fraction



For households employing SDHW systems, domestic water heating needs are met by a combination
of solar and conventiona (auxiliary) energy sources. Solar energy usudly meets a fraction of the
totd heating load, while auxiliary energy is used to provide the bdance of the water heating

requirement, that is:

Qreq = Qsolar * Qaux (26.1)

where Qreq, Qsolar aNd Qg are respectively the required load, the portion of required load met

by solar water heating, and the portion of the load met by conventiond water heeting methods

(auxiliary hesting).

The solar fraction is defined as the fraction of the annua water heating load supplied by solar energy
(Duffie and Beckman 1991), which is given by:

_ Qeq - Qaux

Qreq

F (2.6.2)

The solar fraction is used for determining relative SDHW system performance.  In this work,
gmulations are run in order to generate solar fractions, which are then compared in order to

determine the best SDHW system.



2.7 Water Storage Tank Energy Balance

An energy balanceis presented for awater storage tank:

dln = qoad + Q;nv + DU¢ank (27.1)

where dm, qoad, ()’env, and DUignk are respectively the rate of energy addition from the

NCHE, the rate of energy removal to the load, the rate of energy loss to the tank’s surroundings,

and the change in interna energy of the tank.

The accuracy of a TRNSY S smulation is represented by the energy balances on the water storage
tank. The energy flowing into the tank should equa the combination of the energy flowing out of the
tank and the change in interndl energy of the tank. A tank energy baance percent difference is
caculaed for the Smulations usng:

(q’,/n ) (Q;/Ioad + qenv + DUtank)) .
(q/n + (Q/Ioad + denv + DUtank))
2

Energy Balance Percent Difference = 100

(2.7.2)

Energy balances percent differences were below 1.1 % for al smulations.



