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PREFACE 

In keeping with the national energy policy goal of fostering an adequate 
supply of energy at a reasonable cost, the U.S. Department of Energy (DOE) 
supports a variety of programs to promote a balanced and mixed energy resource 
system. The mission of the DOE Solar Buildings Research and Development 
Program is to support this goal by providing for the development of solar 
technology alternatives for the buildings sector. It is the goal of the pro
gram to establish a proven technology base to allow industry to develop solar 
products and designs for buildings that are economically competitive and can 
contribute significantly to building energy supplies nationally. Toward this 
end, the program sponsors research activities related to increasing the effi
ciency, reducing the cost, and improving the long-term durability of passive 
and active solar systems for buildings water and space heating, cooling, and 
daylighting applications. These activities are conducted in four major areas: 
(1) Advanced Passive Solar Materials Research, (2) Collector Technology 
Research, (3) Cooling Systems Research, and (4) Systems Analysis and Applica
tions Research. 

Advanced Passive Solar Materials Research—This activity area includes work on 
new aperture materials for controlling solar heat gains and for enhancing the 
use of daylight for building interior lighting purposes. It also encompasses 
work on low-cost thermal storage materials that have high thermal storage 
capacity and can be integrated with conventional building elements, and work 
on materials and methods to transport thermal energy efficiently between any 
building exterior surface and the building interior by nonmechanical means. 

Collector Technology Research—This activity area encompasses work on advanced 
low- to medium-temperature (up to 80°C [180°F] useful operating temperature) 
flat-plate collectors for water and space heating applications, and medium- to 
high-temperature (up to 204°C [400°F] useful operating temperature) evacuated-
tube/concentrating collectors for space heating and cooling applications. The 
focus is on design innovations using new materials and fabrication techniques. 

Cooling Systems Research—This activity area involves research on high-
performance dehumidifiers and chillers that can operate efficiently with the 
variable thermal outputs and delivery temperatures associated with solar col
lectors. It also includes work on advanced passive cooling techniques. 

Systems Analysis and Applications Research—This activity area encompasses 
experimental testing, analysis, and evaluation of solar heating, cooling, and 
daylighting systems for residential and nonresidential buildings. This 
involves system integration studies, the development of design and analysis 
tools, and the establishment of overall cost, performance, and durability tar
gets for various technology or system options. 

This report supports Systems Analysis and Applications Research by modeling 
and measuring the performance of four load-side, immersed heat exchangers that 
could be used in active solar domestic hot water systems. 
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SUMMARY 

The objective is to determine the performance of load-side heat exchangers 
that could be used in residential solar domestic hot water (SDHW) systems. 
The report is intended for those who test load-side heat exchangers and for 
designers who need an understanding of how these types of heat exchangers 
operate. Design guidelines and sizing techniques are not included. 

Discussion 

We measured the performance of four load-side heat exchangers: a smooth coil 
and a finned coil having overall heat transfer areas of 2.5 m (26 ft ) and a 
smooth coil and a finned coil having 1.7 m (19 ft ) of heat transfer area. 
A load-side heat exchanger is used to remove energy from a hot storage tank 
(usually unpressurized) by flowing water through the heat exchanger before 
going to the load. Water flows through the heat exchanger only on demand and 
is not continually circulated. A numerical model using MITAS, a general pur
pose thermal network program, was constructed, and the results were compared 
to the experimental results. 

Conclusions 

We measured heat exchanger U-values from 100 W/m °C (18 Btu/h ft °F) at low 
temperature differences to as high as 1200 W/m2 °C (212 Btu/h ft2 GF) for very 
high temperature differences. The Nusselt numbers ranged from 1 (though were 
generally above 3) to about 35 for corresponding Rayleigh numbers of 6.3 x 10 
to 7.9 x 106. 

A significant result is that a smooth coil with only 70% of the surface area 
of a larger finned coil performed better than the finned coil. Therefore, we 
recommend that smooth coils be used for load-side as well as collector-side 
heat exchangers whenever storage space permits. The coil should be installed 
vertically throughout the storage tank to enhance tank stratification and 
improve system performance. 

Also of significant interest is that load-side heat exchangers can maintain 
and enhance stratification in storage tanks. This permits the use of partic
ular control strategies that take advantage of stratified storage tanks, which 
can increase system performance. 

The analytical model developed agreed reasonably well with the experimental 
results. The model showed an increase in performance for stratified tanks 
over mixed tanks. We used the model to vary heat exchanger flow rate and 
area, as well as initial tank temperature, for both a smooth- and finned-coil 
heat exchanger. Increasing the heat exchanger flow rate and area results in 
higher heat transfer rates, but not necessarily optimal performance. Lower 
initial tank temperatures resulted in reduced stratification in the tank. We 
found the smooth heat exchanger to outperform the finned heat exchanger with 
the same outside surface area. A closed-form solution of heat exchanger 
performance should be developed to provide designers with a tool to size load-
side heat exchangers. 
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NOMENCLATURE 

hQ overall convective heat„transfer coefficient on the outside of the 

C empirically derived constant 

C specific heat (kj/kg K [Btu/lb °F]) 

d outside diameter of heat exchanger tube, excluding fins (m [ft]) 

f friction factor used in Petukhov-Popov correlation 

g gravity (9.807 m/s2 [32.18 ft/s2]) 

h£ overall convective heat transfer coefficient inside the heat 
exchanger tube (W/m2 °C [Btu/h ft2 °F]) 

h0 local hQ (W/m
2 K [Btu/h ft2 °F]) 

overall convective heat transfer coefiicien 
heat exchanger tube (W/m2 °C [Btu/h ft2 °F]) 

k thermal conductivity of storage medium (W/m K [Btu/h ft °F]) 

K^,K2 coefficients in Petukhov-Popov correlation 

LMTD logarithmic mean temperature difference (°C [°F]) 

m empirically derived constant 

m mass flow rate through the heat exchanger (kg/s [lb/s]) 

Nu local Nusselt number for the outside of the tube 

Nu overall Nusselt number for the outside of the tube, h0d/k 

Nu^ overall Nusselt number for the inside of the tube 

Pr Prandtl number, C u/k 
P 

q or Q heat transfer rate (W [Btu/h]) 
Ra local Rayleigh number 

2 3 
Ra overall Rayleigh number, p 8C gd LMTD/yk 

Re Reynolds number [4 m/2TrurjJ 

r̂  inside radius of the tube (m [ft]) 

r outside radius of the tube, excluding fins (m [ft]) 
THx i temperature of the fluid entering the heat exchanger (°C [°F]) 
THx o temperature of the fluid exiting the heat exchanger (°C [°F]) 
Tg storage tank temperature (°C [°F]) 
TQ _„„ vertically averaged storage tank temperature (°C [°F]) a ,avg 

Tg k storage tank bottom temperature (°C [°F]) 

Tg storage tank top temperature (°C [°F]) 

U unit area heat transfer coefficient (W/m °C [Btu/h ft °F]) 

UA heat transfer area coefficient (W/K [Btu/h °F]) 

v fluid velocity (m/s [ft/s]) 

XI 
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NOMENCLATURE (Concluded) 

8 coefficient of thermal expansion (1/°C [1/°F]) 

AT T(x) - Tg (°C [°F]) 

e heat exchanger effectiveness 

u absolute viscosity of storage medium (Ns/m [lb/ft s]) 

p density of storage medium (kg/m [lb/ft ]) 

x heat exchanger time constant (min) 

xn 
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1.0 INTRODUCTION 

Active solar energy systems are often designed and installed with heat 
exchangers so that potable water is separated from the fluid in the collector 
loop. The purpose for using a heat exchanger varies. Sometimes heat 
exchangers are used as part of a freeze protection scheme so that a freeze-
tolerant fluid (such as a glycol solution) can be used in the collector 
loop. In other designs they may be used to avoid circulating "hard" water 
through the collectors, which could lead to scale accumulation in the collec
tor passageways, causing low collector thermal performance and possibly system 
failure. In indirect drainback systems, where the water drains from the col
lector array into a small reservoir or large storage tank whenever the pump 
stops, the heat exchanger prevents the collector loop from being pressurized 
by the water supply. 

Immersed heat exchangers* in residential solar energy systems generally can be 
classified as either "collector-side" or "load-side" heat exchangers. 
Collector-side (or supply-side) heat exchangers have the hot water (from 
either a collector array or a hot space-heating storage tank) flowing through 
the inside of the tubes (see Figure 1-1). The flow through the heat exchanger 
is continuous as long as the "supply" is sufficiently hotter than the load 
(usually a domestic hot water [DHW] tank). The temperature drop across this 
type of heat exchanger is typically less than 10°C (18°F), although it can be 
much higher in a space-heating system. For example, if a large space-heating 
storage tank is very hot and a user depletes the hot water in the DHW tank, 
then the temperature drop across the heat exchanger, as very hot water from 
the space-heating tank heats the DHW tank, can be quite high. Collector-side 
heat exchangers have been studied by Feiereisen (1982), Feiereisen et al. 
(1982), Klett et al. (1983), and Farrington and Bingham (1986), largely 
because of the discrepancy between predicted and measured performance. 

The other type of heat exchanger is the load-side heat exchanger (see 
Figure 1-1). In this case, the water in the storage tank is heated directly 
by the collector loop, and the heat exchanger is used to remove energy from 
the tank. This type of heat exchanger has several advantages but also several 
limitations. One primary advantage of this type of heat exchanger is that it 
can be used with an unpressurized storage tank. Unpressurized storage tanks 
are often associated with low-cost systems (Kutscher et al. 1984) and permit 
the use of collectors that cannot be pressurized. An obvious design would be 
a drainback system, with the unpressurized storage tank also serving as the 
drainback tank (e.g., either of the load-side systems in Figure 1-1). A 
load-side heat exchanger allows the collector to directly heat the water in 
the storage tank. However, the penalty comes when energy is removed from the 
storage tank. The cold water flowing through the heat exchanger tube flows 
through the heat exchanger only once before going to the load. Hence, load-
side heat exchangers are also called "once-through" or "instantaneous" heat 
exchangers. If the heat exchanger is poorly designed, the system will never 
perform well. 

'''External heat exchangers with forced flow on both sides are also common. 
However, they are relatively easy to characterize and therefore are not 
discussed in this report. 

1 
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Figure 1-1. Examples of Collector-Side and Load-Side Heat Exchanger 
Configurations 

One unique characteristic of a load-side heat exchanger is that it can enhance 
storage tank stratification. We will explain this in detail later, but for 
now consider either load-side system in Figure 1-1. The coldest water in the 
heat exchanger is at the bottom of the tank, cooling that part the most. As 
the water in the heat exchanger flows toward the top of the tank, it becomes 
warmer and removes less energy from the storage tank. Therefore, the bottom 
of the tank is the coldest and the top the warmest. Of course, this is only 
for a vertical heat exchanger as shown in Figure 1-1. Load-side heat 
exchangers could also be installed in other configurations, such as only at 
the top or only at the bottom of a storage tank. If the heat exchanger is 
installed only at the bottom of the tank, it can only remove energy from the 
bottom of the tank; this is clearly not a good design. If the heat exchanger 

2 
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is at the top of the storage tank, it will cool the top, causing the entire 
storage tank to mix. In some cases this may be the most efficient way to 
remove the energy from the storage tank. However, it reduces the hottest tem
perature in the storage tank and increases the bottom temperature (until all 
the energy is depleted). 

For systems using collectors whose efficiency is dependent on the collector 
inlet temperature (such as flat-plate collectors), having a mixed tank will 
reduce collector performance. Maintaining stratification will lead to higher 
collector performance. Research performed jointly by the National Bureau of 
Standards and the University of Wisconsin (Fanney and Klein 1986) showed sub
stantial improvement in performance for direct systems (those without heat 
exchangers) if the collector loop flow rate was significantly reduced, because 
of the low collector fluid inlet temperature that resulted from storage tank 
stratification. A system with a load-side heat exchanger that enhances stor
age tank stratification might be able to benefit from reduced collector flow 
rates as well. However, Ramada Energy Systems Limited has found scaling to be 
a problem with high heat flux systems that is characteristic of low flow sys
tems (Clark 1987). Low flow systems would have to be properly engineered to 
avoid this. 

Load-side heat exchangers have not been studied in much depth. A report on 
low-cost systems (Kutscher et al. 1984) numerically compared the performance 
of collector-side and load-side heat exchangers for a particular system. In 
1985, SERI researchers measured the performance of a load-side heat exchanger 
inside a solar energy space-heating tank that was also used to preheat domes
tic water (Farrington 1986). The experiments these researchers performed 
showed that the load-side heat exchanger led to stratification in the 1.2-m 
(4-ft)-high storage tank of up to 30°C (54°F). Attempts to present the 
results in an easily usable form (such as an effectiveness) were not success
ful; the reasons for this are discussed in Section 2.0. 

SERI researchers investigated the performance of load-side heat exchangers in 
more depth because the performance of these heat exchangers was not well-
documented and they offer several advantages over collector-side heat 
exchangers, such as enhancing stratification and using low-cost systems. 

Our discussion has been limited to active solar energy systems. However, 
thermosyphon systems have been designed with both collector-side and load-side 
heat exchangers. This report will be limited to active systems although some 
of the principles developed here could be extrapolated to thermosyphon 
systems. 

This report examines the inadequacies of using the effectiveness concept for 
an immersed heat exchanger in a stratified storage tank and then discusses the 
test loop, test procedure, performance measurements of two smooth and two fin
ned load-side heat exchangers, and numerical modeling of a load-side heat 
exchanger, and compares the numerical model with experimental results. 

3 
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2.0 DEVELOPMENT OF EQUATIONS 

An accurate mathematical model of unsteady natural convection (i.e., when the 
heat transfer rate changes with time) is very difficult. It involves simul
taneously solving in three dimensions (or two dimensions if axisymmetry 
occurs) the equations for the conservation of mass (or continuity), conserva
tion of momentum (or Navier-Stokes equations), and conservation of thermal 
energy. 

Consider the following description. Assume a hot storage tank with no flow 
through the heat exchanger and no convection currents in the tank. Therefore, 
the water velocity inside the tank (ignoring heat loss from the side and top, 
which might otherwise cause small convection currents) is zero. When cold 
water begins to flow through the heat exchanger it causes the warm heat 
exchanger to cool rapidly. 

As the heat exchanger cools, heat is transferred by conduction from the neigh
boring water molecules in the storage tank to the heat exchanger. As the 
water near the heat exchanger cools, the water density increases; the water 
begins to fall and warmer water underneath rises because of buoyancy. This is 
the beginning of the natural convection currents. The moving water sets up a 
velocity field in the storage tank that is dependent on the heat transfer rate 
to the heat exchanger. However, the heat transfer rate is dependent on the 
velocity of the fluid passing the surface of the heat exchanger. Therefore, 
the fluid velocity and heat transfer rate are mutually dependent on each 
other. Generally, this dependency is determined empirically and not 
numerically. 

Designers want and need a simple approach to this complicated problem. A typ
ical approach for analyzing the performance of a heat exchanger is to use the 
concept of effectiveness. The effectiveness of a heat exchanger is easy to 
understand and use. It is the ratio of the actual heat transfer to the theo
retical maximum heat transfer. Knowing the effectiveness of a heat exchanger 
makes it possible to use various computer models to predict system 
performance. 

For a heat exchanger removing energy from a hot tank (i.e., cooling the tank), 
the effectiveness is given by 

Notice that 

=
 (mCp^Hx(THx,o ~ THx,i> 

(m(Vmin(TS " THx,i) 
(2-1) 

THx,o > THx,i > <2"2> 

since water is being heated as it flows through the heat exchanger. 

The minimum flow-thermal capacitance (mCp)min is on the heat exchanger side. 
This is easy to visualize. Over a given time period, the temperature rise 
across the heat exchanger (THx - THx ^) is much greater than the change in 
the storage tank temperature even thoug'h the energy lost by the tank (presum
ing it is well-insulated) is approximately the same as the energy gained by 
the heat exchanger. 

4 



SS?I M I TR-3094 

Therefore, the equation for the effectiveness for a load-side heat exchanger 
reduces to 

_ THx,o ~ THx,i 
TS " THx,i 

(2-3) 

The remaining equations used to characterize the performance of the heat 
exchangers are given in Table 2-1 and can be found in most heat transfer texts 
(e.g., Kreith and Bohn 1986). However, the storage tank temperature Tg has 
not yet been defined. 

Table 2-1. Performance Equations for Immersed Load-Side Heat Exchanger 

Quantity Equation3 Equation 
Number 

Effectiveness 
= THx,o ~ THx,i 

TS " THx,i 
(2-3) 

Heat transfer rate q - mCp (THx>0 - THx>i) (2-4) 

Overall heat transfer 
area coefficient 

Condenser logarithmic mean 
temperature difference 

UA = q/LMTD 

LMTD 
lTHx,o " THx,i-' 

i,n 
^TS -

 THx,iN 

VTS ~ THx,o, 

(2-5) 

(2-6) 

Parallel flow LMTD 

Overall Nusselt number 

Outside convective heat 
transfer coefficient 

Overall Rayleigh number 

LMTD a
 fTS,b " THx,j) " (TS,t " THx,o^ 

\ S,t Hx,o 

Nu = h0d/k 

h0 = q/(A) (LMTD) 

Ra = r*- dJ (LMTD) 
yk 

(2-7) 

(2-8) 

(2-9) 

(2-10) 

aVariables are defined in the Nomenclature. 

5 
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There are many definitions for a storage tank temperature that could be used 
in the effectiveness and logarithmic mean temperature difference (LMTD) calcu
lations. Some are: 

• Tank top temperature. This definition for storage tank temperature makes 
sense since the effectiveness is the ratio of the actual heat transfer rate 
to the theoretical maximum heat transfer rate. The theoretical maximum is 
proportional to the difference between the highest temperature (which is at 
the top of the tank) and the coldest temperature (which is at the inlet). 
Using the tank top temperature will always lead to a calculated effective
ness less than 1. However, it will result in unrealistic effectiveness 
values for the heat exchanger. For example, consider two similar heat 
exchangers that have the same inlet and outlet temperatures. One heat 
exchanger leaves 30 cm (1 ft) of hot water at a uniform temperature above it 
and the other leaves only 2 cm (1 in.) of hot water above it at the same 
temperature. Both heat exchangers will have the same effectiveness using 
the top tank temperature (which is unaffected by the heat exchanger) but one 
heat exchanger removes much more energy than the other. It is clear that 
one is in a better location than the other. Therefore, when analyzing this 
type of heat exchanger, one must look at the total energy removed from the 
tank as well as the heat transfer rate. 

• The center of the tank. The problem with this definition is that the center 
doesn't reflect the bottom or top temperature. The center temperature may 
equal the heat exchanger inlet temperature, causing the calculated effec
tiveness to equal 0 while the heat exchanger is still removing energy from 
water above the center. 

• Vertical average temperature calculated by taking the average of five sen
sors distributed vertically in the tank. This is a good idea, except that 
when the top is much hotter than the average, then the heat exchanger outlet 
temperature can exceed the average and cause the calculated effectiveness to 
be greater than 1. 

• Bulk tank temperature calculated from an energy balance. The weakness of 
this approach is that the temperature is not measured but calculated from a 
previously calculated tank temperature (except for the initial condition) 
and from a calculated heat loss. Errors in the calculated tank temperature 
are continually propagated. Since the new temperature is based on the old 
temperature, the errors will increase exponentially with each time step. 
This approach (if the heat-loss calculations were absolutely correct) would 
give the same result (within the propagated measurement uncertainty) as 
using a vertical average of a large number of temperature sensors in a tank 
that did not have a horizontal temperature gradient. This approach also has 
the same problems as the approach that calculates the vertical average tem
perature by taking the average of five sensors distributed vertically in the 
tank. 

The effectiveness equation requires that the temperature distribution in the 
storage tank be represented by one temperature. Clearly, different degrees of 
stratification can have the same average temperature. Consider a well-mixed 
tank at some temperature. Decrease the bottom temperature while increasing 
the top temperature by the same amount. The average temperature remains the 
same. However, the heat transfer rate changes since natural convective heat 
transfer rates are not linear functions of temperature differences. 
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Consider the effectiveness equation (Eq. 2-3) with the storage tank tempera
ture defined as the temperature at the top of the tank. In a stratified tank, 
the temperature in the top of the tank may not change much as energy is 
removed from the bottom of the tank, particularly if there is a layer of hot 
water above the top coil. However, as the bottom cools, the actual heat 
transfer rate drops, while the temperature at the top of the tank may remain 
relatively constant. This leads the numerator of Eq. 2-3 to decrease while 
the denominator remains relatively constant. This causes large changes in the 
effectiveness at small changes in the temperature difference at high tempera
ture differences, as shown in Figure 2-1. That is, there are many values for 
the effectiveness at one temperature difference. Such a relationship is of 
little value to designers. Another problem with this approach is that the 
effectiveness is a function of the initial tank temperature. Representing the 
storage tank temperature by the top tank temperature leads to a family of 
curves as shown in Figure 2-2. For the effectiveness to be of use it must 
have only one value at one temperature difference. It must be a single-valued 
function of the temperature difference rather than a multivalued function. 
These results are shown and discussed in detail in Farrington (1986) for a 
load-side DHW heat exchanger in a space-heating storage tank. 

For this report, methods other than heat exchanger effectiveness will be 
examined. 

It is often useful to plot various parameters versus the LMTD rather than the 
difference between the storage tank and the heat exchanger inlet tempera
ture. The LMTD accounts for the exponential temperature rise along the heat 
exchanger. If the tank is well-mixed, then 

LS,b = T S,t = Tc 

and Eq. 2-7 reduces to Eq. 2-6. Equation 2-6 is used with co l lec tor - s ide heat 
exchangers when the tank is well-mixed and is the equation used with constant 
temperature devices (such as condensers and evaporators) . 

Temperature difference, T s -TH x Temperature difference, T s-TH x 

Figure 2-1. Heat Exchanger 
Effectiveness versus AT 

Figure 2-2. Family of Heat 
Exchanger Effectiveness Curves 
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If the tank is stratified then Eq. 2-7 needs to be used. Equation 2-7 
accounts not only for the exponential temperature rise along the heat 
exchanger, but also for the nonlinear temperature stratification in the stor
age tank. This is the same definition that would be used for parallel-flow 
and counterflow heat exchangers. Although there is little mixing inside a 
stratified tank, an analogy to a parallel-flow heat exchanger can be made. 
The tank and heat exchanger have the hot sides together (at the top) and the 
cold sides together (at the bottom). Equation 2-7 is used throughout this 
report to define the LMTD. 

Equation 2-7 also has limitations since the temperature distribution along the 
heat exchanger may not be truly exponential. For example, consider a very 
high, but thin, cylindrical storage tank. Eventually, all of the energy is 
removed from the bottom part of the storage tank, resulting in no temperature 
gradient along that part of the heat exchanger. Likewise, at the very top, 
the heat exchanger temperature has approached the tank temperature and there 
is little temperature change along the heat exchanger. Therefore, in some 
circumstances (for example, very low flow rates, tall storage tanks, or low 
temperature differences), the temperature distribution along the heat 
exchanger may be flat at both ends and exponential somewhere between the ends. 

As mentioned at the beginning of this section, natural convective heat trans
fer occurs in a conjugate or paired manner. The natural convective heat 
transfer coefficient h 0 is influenced by the velocity of the water flowing 
around the outside of the heat exchanger tube. The velocity is a function of 
the local temperature difference between the outside tube wall and the 
water. The temperature difference, however, is a function of the natural 
convective heat transfer coefficient. This relationship is often expressed by 
a correlation of two dimensionless numbers: the Nusselt number, Nu, which is 
a measure of the outside convective heat transfer coefficient, and the 
Rayleigh number, Ra, which is a measure of the buoyancy force or momentum of 
the fluid. 

The Nusselt number is the ratio of the convective heat transfer rate to the 
conductive heat transfer rate through the fluid. Dropping the temperature 
differences (which are equal), the Nusselt number is written as 

h0d 
Nu = - 2 - , (2-11) 

where d is the characteristic length and taken to be equal to the outside 
diameter of the pipe, excluding any fins. At a Nusselt number of 1 the con
vective heat transfer rate is equal to the conductive heat transfer rate 
through the fluid. For natural convective heat transfer in water to be sig
nificant the Nusselt number must be greater than 1. 

The Rayleigh number can be considered as the ratio of the buoyancy force to 
the change in momentum flux (Arpaci and Larsen 1984), and can be written as 

(yv/d2) ^ k 
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for a reference fluid velocity k/pCpd. The Rayleigh number for natural con
vective heat transfer is quite high since the buoyancy force caused by the 
temperature difference is much greater than the change in momentum flux of the 
fluid passing by the outside of the heat exchanger. In our calculations, we 
used the LMTD for the AT to account for the stratification in the storage 
tank. 

The Nu/Ra correlation is expressed as 

Nu = CRam , (2-13) 

where C and m are empirically derived constants. The constant m is generally 
given to be 0.25 for laminar natural convective heat transfer (McAdams 1954) 
while C is a function of the heat exchanger geometry and test conditions (flow 
rate and temperature difference). 

In Section 4.0 we discuss various correlations from the experimental results 
and their meaning. 
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3.0 EXPERIMENTAL SETUP AND TEST PLAN 

The test loop is shown in Figure 3-1. It included a 409-L (108-gal) clear 
acrylic tank with an inside diameter of 58 cm (23 in.) and an interior height 
of 152 cm (60 in.). The tank was constructed with removable end caps and was 
insulated during testing with 15 cm (6 in.) of fiberglass insulation on the 
sides, 5 cm (2 in.) of foam insulation on the bottom, and 8 cm (3 in.) of foam 
insulation on the top. The tank had a measured heat loss rate of 1.6 W/°C 
(3.0 Btu/h °F). The top end cap of the acrylic tank had small holes to elimi
nate air during filling. 

A 1552-L (410-gal) tank was used to provide a uniform source of hot water to 
initially fill the acrylic tank. Cold water was supplied from the building 
water mains. Cold water was diverted around the heat exchanger and dumped to 
a floor drain prior to the test to prevent cold water in the lines from warm
ing to room temperature. 

The heat exchanger was sized to provide 95% of the maximum system performance 
(i.e., without a heat exchanger) using the computer program SOLIPH (Kutscher 
et al. 1982). The relationship between heat exchanger area and system perfor
mance is shown in Figure 3-2. The model assumed a well-mixed storage tank, 
and was based on a collector-to-storage tank ratio of 41 L/m (1.5 gal/ft ), a 
tank volume of 380 L (100 gal), a cold water inlet temperature of 10°C (50°F), 
and tank insulation of 1.9 (m2 °C)/W (R-ll [h ft2 °F]/Btu). A heat exchanger 
area of 2.45 m (26.4 ft ) resulted in a 5% performance penalty for a contin
uously well-mixed tank. For a stratified tank the performance penalty should 
be less since the inlet water to the collector is cooler than with a mixed 
tank. 

RTD 

Flow control 
valve 

Strainer 

Figure 3-1. Schematic of Test Loop 
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Figure 3-2. Solar DHW System Performance as a Function of Load-Side Heat 
Exchanger Area for a Well-Mixed Storage Tank 

The heat exchangers tested were constructed from either smooth copper coils or 
finned copper coils. The specifications for the pipe used for the heat 
exchangers are given in Table 3-1; the dimensions of the four heat exchangers 
tested are presented in Table 3-2. Each heat exchanger spanned the height of 
the tank, spiraling with equal diameters, from the bottom of the tank to the 
top. The distances between each successive coil were equal for the smooth 
coil and also for the finned coil. The coils were located so that there were 
equal volumes of water on each side of the coil, between the coil and the side 
wall, and between the coil and the center of the tank. This resulted in a 
coil diameter of about 43 cm (17 in.). The finned coils had a 1.5-m (5-ft) 
section of smooth pipe from the top of the tank to the bottom (see 
Figure 3-1). Following the practice of Trident Energy Systems (Farrington 
1986) we used smooth pipe to minimize the disturbance of the stratification by 
this leg of pipe. Ideally, the heat exchanger inlet would come through the 
bottom of the tank. However, that is not practical with many unpressurized 
tanks, particularly those that are membrane-lined. Additional lengths of 
smooth pipe were used to exit the storage tank. 

The finned tubing had a smaller inside diameter than the smooth tubing, which 
led to a 50% increase in the velocity for a given flow rate and about a 23% 
increase in the Reynolds number. In all cases the flow regime remained tran
sitional. Therefore, the higher velocity should not significantly affect 
(i.e., < 10%) the inside tube heat transfer coefficient. 
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Table 3-1. Smooth- and Finned-Pipe Specifications 

Tubing ID 
(mm [in.]) 

OD 
(mm [in, ]) 

Fin Height 
(mm [in. ]) 

Fins/cm 
(fins/in.) 

Smooth coil 

Finned coil 

12.7 
(0.53) 
10.9 
(0.43) 

15.9 
(0.63) 
12.4 

(0.49)a 

0 
0 
3.2 

(0.13) 

0 
0 
4 

(11) 

a Excluding fins. 

The temperature profile inside the tank was measured with seven thermistors 
immersed 10 cm (4 in.) from the center of the tank and equally spaced between 
the top and bottom of the tank, with one sensor near the top of the tank and 
one near the bottom of the tank. The thermistors, suspended by their leads, 
were specified with an accuracy of ±0.5°C (±0.9°F) and a response time of 
18 ms in a cold-water splash test. These thermistors read within ±0.1°C 
(±0.2°F) of each other when the tank was well-mixed. The measured lead resis
tance of these 20-Kfl sensors was accounted for in our data acquisition com
puter program. 

The temperatures of the heat exchanger inlet and outlet were measured with 
four-wire, nominal 100—£2, platinum-wound resistance temperature detectors 
(RTDs) calibrated in the SERI Metrology Laboratory. We performed an end-to-
end check of the RTDs after their installation using a stirred ice bath moni
tored with two digital quartz thermometers. The heat exchanger inlet RTD read 
0.023°C (0.041°F) below, and the heat exchanger outlet RTD read within 0.001°C 
(0.002°F) of the digital quartz thermometers. The RTDs, which had stainless 
steel sheaths, were mounted in the center of the flow; the entire sheath was 
parallel to the flow. The RTD mounting heads were well-insulated. 

The flow rate was monitored visually with a rotameter and measured with a 
turbine meter 1.2 cm (0.5 in.) in diameter that had flow straighteners and 
40 pipe diameters of unobstructed flow upstream and also downstream of the 

Table 3-2. Heat Exchanger Specifications 

Heat 
Exchanger 

Original smooth 
coil 

Reduced smooth 
coil 

Original finned 
coil 

Reduced finned 
coil 

Smooth 
Length 
(m [ft]) 

48.31 
(158.5) 

33.83 
(111.0) 

2.03 
(6.67) 

1.88 
(6.17) 

Smooth 
Area 

(m2 [ft2]) 

2.41 
(25.9) 

1.69 
(18.2) 

0.08 
(0.9) 

0.07 
(0.8) 

Finned 
Length 
(m [ft]) 

0 
(0) 

0 
(0) 

13.44 
(44.08) 

9.40 
(30.83) 

Finned 
Area 

(m2 [ft2]) 

0 
(0) 

0 
(0) 

2.38 
(25.6) 

1.66 
(17.9) 

Total 
Area 

(m2 [ft2]) 

2.41 
(25.9) 

1.69 
(18.2) 

2.46 
(26.5) 

1.74 
(18.7) 
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turbine meter. We used the factory calibration for the turbine meter and cor
rected the viscosity for temperature effects. 

We calculated the random uncertainty of each sensor (thermistors, RTDs, and 
turbine meter) by calculating the standard deviation of 100 readings at steady 
state. The random fluctuations were always significantly less than 1% of the 
mean. Thermistor and RTD resistances were measured with a Hewlett-Packard 
(HP) HP3456A digital voltmeter that was calibrated by HP at the start of the 
test period. Scanning and frequency measurements were accomplished using an 
HP3497A scanner and an HP3498 extender box. An uncertainty analysis of our 
measurements is presented in Appendix A. 

The acquisition of data was controlled by an HP9816S computer that collected 
data every 30 s, calculated necessary results, and printed both tabular and 
graphic results. Both raw data and reduced data were stored on magnetic disks 
for easy retrieval and manipulation. The data acquisition system, with the 
exception of the computer, was left on continuously to avoid waiting during 
warm-up periods. 

The following test procedure was used: 

• With the storage tank empty, set the flow rate through the heat exchanger. 

• Divert the cold water around the heat exchanger and storage tank. 

• Fill the storage tank with hot water at the appropriate temperature. 

• After filling the storage tank, let it set for at least 30 min to reach 
quasiequilibrium. 

• When ready to start the test, begin the data collection program. 

• Start flow through the heat exchanger. 

• Observe the flow rate and adjust if necessary. 

• Stop the test when the temperature rise across the heat exchanger is less 
than 1°C. 

There were some exceptions to the procedure. With the original smooth-coil 
heat exchanger, we did not realize the value of bypassing the cold< water 
around the heat exchanger during the 30-min waiting period. Hence, when the 
test began, the water temperature had warmed and became cooler as the test 
progressed. Therefore, the initial temperature differences were sometimes 
less than anticipated. The cold water generally reached a steady tempera
ture within 3 min at 20 L/min (5.3 gal/min) and within 10 min at 5 L/min 
(1.3 gal/min). The increased temperature of the cold water was generally less 
than 1°C (2°F). 

When the tank was filled with very hot water, on the order of 80°C (175°F), 
the level sometimes dropped on the order of a few millimeters during the 
30-min waiting period. This was probably due to warming of the plastic tank 
and its subsequent expansion. We would then "top off" the tank with water 
close to the tank temperature without restarting the 30-min period. It 
generally took about 10 min to initially fill the tank. At times the waiting 
period exceeded 30 min, but that would not have affected the test results. 
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4.0 TEST RESULTS 

The potential for data analysis increases greatly with the availability of 
microcomputers. We took advantage of the computing power of our machine to 
plot as many variables as we could think of at the time. The conditions for 
each test are shown in Table 4-1. The finned coils had a corrugated interior 
that was a by-product of manufacturing a finned coil that could be bent. This 
caused a sufficiently high pressure drop that limited our test flow rate to 
15 L/min (4.0 gal/min). The graphs that were plotted for each test — four 
heat exchangers, three or four flow rates, and three or four initial tempera
ture differences — are shown in Table 4-2. 

Table 4-1. 

Heat Exchanger Flow Rate 
Type (L/min) 

Original smooth coil 5 
5 
5 

10 
10 
10 
10 

15 
15 
15 

20 
20 
20 
20 

Reduced smooth coil 5 
5 
5 
5 

10 
10 
10 
10 

15 
15 
15 
15 

20 
20 
20 
20 

Heat Exchang 

Nominal Temp. 
Difference 

low 
medium 
high 

low 
medium 
high 
very high 

low 
medium 
high 

low 
medium 
high 
very high 

low 
medium 
high 
very high 

low 
medium 
high 
very high 

low 
medium 
high 
very high 

low 
medium 
high 
very high 

er Test 

Ts(0) 

(°c) 

30.0 
45.0 
61.0 

30.4 
45.2 
58.0 
75.0 

31.0 
44.2 
57.5 

29.8 
41.7 
59.0 
77.3 

30.4 
44.7 
54.2 
74.2 

30.7 
44.6 
55.4 
76.5 

28.7 
44.7 
54.1 
73.4 

29.1 
44.0 
54.1 
73.5 

Conditions 

THx,i<°> 
(°c) 

16.0 
15.8 
15.5 

16.1 
16.4 
16.3 
16.3 

15.7 
15.8 
15.0 

17.3 
16.7 
16.6 
17.1 

15.0 
14.6 
14.7 
14.0 

14.8 
15.0 
15.5 
15.8 

13.4 
14.3 
14.1 
13.8 

13.4 
13.4 
13.7 
13.8 

AT 
(°C) 

14.0 
29.2 
45.5 

14.3 
28.8 
41.7 
58.7 

15.3 
28.4 
42.5 

12.5 
25.0 
42.4 
60.2 

15.4 
30.1 
39.5 
60.2 

15.9 
29.6 
39.9 
60.7 

15.3 
30.4 
40.0 
59.6 

15.7 
30.6 
40.4 
59.7 

Test Length 
(min) 

180 
240 
240 

120 
240 
240 
360 

90 
360 
120 

120 
120 
120 
120 

180 
210 
240 
300 

180 
210 
220 
240 

180 
180 
180 
165 

120 
150 
150 
180 
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Table 4-1. Heat Exchanger Test Conditions (Concluded) 

Heat Exchanger 
Type 

Original finned coil 

Reduced finned coil 

Flow Rate 
(L/min) 

5 
5 
5 
5 

10 
10 
10 
10 

15 
15 
15 
15 

5 
5 
5 
5 

10 
10 
10 
10 

15 
15 
15 
15 

Nominal Temp. 
Difference 

low 
medium 
high 
very high 

low 
medium 
high 
very high 

low 
medium 
high 
very high 

low 
medium 
high 
very high 

low 
medium 
high 
very high 

low 
medium 
high 
very high 

Ts(0) 

<°c) 

31.2 
40.9 
59.8 
77.0 

30.6 
39.9 
57.8 
73.9 

30.6 
39.6 
61.0 
77.0 

27.0 
37.4 
57.0 
76.4 

30.0 
37.8 
58.4 
76.4 

27.1 
37.6 
57.0 
76.5 

THx,i(0) 

CO 
21.8 
21.7 
21.9 
21.9 

21.8 
22.1 
18.9 
21.7 

21.8 
21.9 
21.8 
21.9 

16.7 
17.1 
17.1 
17.3 

17.5 
17.7 
18.3 
17.6 

17.1 
17.2 
17.3 
17.2 

AT 

CO 
9.4 
19.2 
37.9 
55.1 

8.8 
17.8 
38.9 
52.2 

8.8 
17.7 
39.2 
55.1 

10.3 
20.3 
39.9 
59.1 

12.5 
20.1 
40.1 
58.8 

10.0 
20.4 
39.7 
59.3 

Test Leng 
(min) 

180 
240 
300 
480 

180 
180 
180 
240 

120 
150 
180 
180 

240 
300 
360 
360 

240 
240 
300 
420 

150 
180 
180 
240 

What is needed is one correlation per heat exchanger based on some type of 
measurable operating parameter (such as temperature difference or LMTD). The 
correlation must be independent of how the physical operating condition was 
reached. For example, if the temperature difference is used, a particular 
temperature difference can be achieved by starting with a well-mixed tank or 
by reaching that condition with a stratified tank. Ideally, there would be a 
correlation that would not change with flow rate or temperature difference 
(although the values would be a function of flow rate and temperature differ
ence). Such a correlation does exist and will be discussed later in this 
section. 

A brief review of the graphs shown in Table 4-2 is useful. The first nine 
graphs plot various parameters versus time. These plots give insight into the 
test conditions and permit quick review for any anomalies. Comparing the heat 
exchanger outlet temperature (as well as the heat exchanger temperature pro
file) to the tank temperature profile shows how closely the heat exchanger 
temperature approached the tank temperature. 
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Table 4-2. Graphs Plotted for Each Test 

Dependent Variable Independent Variable 

1. Heat exchanger (Hx) flow rate (L/min) 
2. Hx thermocouple temp. (°C) 
3. Hx inlet and outlet temp. C O 
4. Temp, profile of tank C O 
5. Average temp, of Hx and tank C O 
6. Hx effectiveness, fn(To _„„) (%) 
7. Hx UA (W/°C) ' g 

8. Heat transfer rate to Hx (W) 
9. Tank UA (W/°C)a 

10. Hx effectiveness (%), fn(Te a„„) 
D , avg 

11. Hx effectiveness (%), fn(Tg ) 

12. Hx UA (W/°C), (Q/LMTD) 

13. Hx UA (W/°C), (Q/LMTD) 

14. Hx Q (W) 

15. Hx Q (W) 

16. Hx factor "C" 

17. Hx factor "C" 

20. Hx effectiveness, fn(Tg ) 

21. Hx effectiveness, fn(Tc .„_) 

22. Hx effectiveness, fn(Tg t) 

23. Hx effectiveness, fn(Tg t) 

24. Hx UA (W/°C), (Q/(Ts>aVg - THx>i) 

26. Temp, differences C O b 

27. Log (Nu) 

28. Hx temp, profile C O 

Time (min) 
Time (min) 
Time (min) 
Time (min) 
Time (min) 
Time (min) 
Time (min) 
Time (min) 
Time (min) 

<TS,avg " THx,i> <°C> 
LMTD (°C) 

<TS,avg " THx,i> <°C> 
LMTD (°C) 

<TS,avg " THx,i> <°C> 
LMTD C O 

(TS,avg " THx,i> (°C> 
LMTD C O 

<TS,t " THx,i) <°C> 

<TS,t " THx,i> (°C> 
(TS,avg " THx,i> ̂ °C> 

LMTD C O 

(TS,avg " THx,i> (°C> 

Time (min) 

Log (Ra), fn(LMTD) 

Specified time intervals (min) 

a Used only for tank cool-down tests. 
b <TS,t -*Ux,0* (TS,avg - THx,i> a n d LMTD« 

In general, the lower flow rates had greater variations in the results, as did 
the larger heat exchanger areas. The lower flow rates and larger heat 
exchanger areas accentuated the nonlinearity of the heat transfer process. At 
higher flow rates and smaller heat exchanger areas, there were lower tempera
ture differences between the heat exchanger inlet and outlet and more even 
heating of the heat exchanger. At lower flow rates (and larger heat exchanger 
areas) there was greater tank stratification. 

The storage tank stratified very well, particularly at low flow rates. Typi
cal temperature profiles of the original, finned heat exchanger (graph 28 in 
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Table 4-2) and the storage tank at a flow rate of 5 L/min (1.3 gal/min) are 
given in Figure 4-1. Each line represents an elapsed time of 30 min from the 
previous line. The thermocouples were placed at the top and bottom of the 
tank and at equal intervals in between. The tank temperature profile, shown 
in Figure 4-la, shows stratification of 37°C (67°F) after 30 min and 30"C 
(54°F) after 1 h of continuous draw of 5 L/min (1.3 gal/min) through the heat 
exchanger. Clearly, removing energy from the storage tank in this way results 
in stratifying the storage tank. The heat exchanger thermocouples in 
Figure 4-lb were spaced evenly apart, the distance between them being equal to 
one-tenth of the length of the heat exchanger. The first thermocouple (TCI) 
was located at the inlet to the heat exchanger and hence was at the top of the 
storage tank. TC2 was located at the bottom of the tank. The tank was ini
tially well-mixed at about 78°C (172°F). TCI is cooler because of conduction 
losses through the heat exchanger to the ambient temperature. The heat 
exchanger outlet temperature TC11, also at the top of the tank, is slightly 
cooler due to losses from the tank top. TC2 represents the cooler water at 
the bottom of the storage tank. The temperature rise along the heat exchanger 
is nonlinear as expected. This nonlinearity causes the difficulty in the 
analysis and in easily presenting the performance of such a heat exchanger. 

Initially, plotting the heat exchanger UA (based on LMTD) versus (T„ -
Tj, •) (graph 12) looked promising. However, as Figure 4-2 shows, there'was a 
great deal of spread in the results. (The fluctuations are caused by short-
term variations in the building water pressure which resulted in flow varia
tions.) The heat exchanger UA should vary with flow rate, but the individual 
flow rates cannot be distinguished in the results. The U-values of the heat 
exchangers are determined by dividing the heat exchanger UA by the heat 
exchanger area given in Table 3-2. The results are shown on the right side of 
Figure 4-2. One result is that the original finned heat exchanger generally 
had a higher UA value (and U-value) than the original smooth heat exchanger at 
temperature differences less than 30°C (54°F). However, at the lower heat 
exchanger areas, the smooth coil had a higher U-value. In fact, the reduced 
smooth heat exchanger had the highest U-values of the heat exchangers 
tested. It could be that the larger smooth heat exchanger was oversized and 
the extra area did not contribute significantly to the overall heat transfer 
but did effectively reduce the U-value, which has a unit-area basis. The 
finned coil was significantly shorter, and causes larger spaces between coils 
and possibly larger convection cells. However, the fins also tend to restrict 
flow between the fins, reducing the heat transfer coefficient. 

The two larger heat exchangers had larger UAs because of the larger heat 
exchanger surface area. However, the U-values were comparable. 

The heat transfer rate is linearly proportional to the temperature rise across 
the heat exchanger inlet and outlet. It is also related to the temperature in 
the storage tank. Figure 4-3 shows a plot of the heat transfer rate versus 
^TS ave ~ THx i^# It; s b o w s t n a t t n e heat transfer rate was generally indepen
dent of how the temperature difference was reached but was a strong function 
of the flow rate. The initial temperature differences are determined by the 
right end of each curve. These curves are quite useful for the heat 
exchangers tested because the results are not strongly dependent on how the 
temperature difference was achieved. 
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One can observe from Figure 4-3 that the heat transfer rate is higher for the 
stratified tank than for the mixed tank. For example, consider the original 
finned heat exchanger (Figure 4-3b). The tanks were essentially isothermal at 
the start of a test. The tests at highest temperature differences, for all 
three flow rates, began at about 53°C (95°F). The tests at next lowest tem
perature differences began at 36°-39°C (65°-70°F). The initial heat transfer 
rates of the tests at the lower initial temperature differences were lower 
than the heat transfer rates of the tests at the higher initial temperature 
difference tests near the same temperature differences of about 35°-39°C 
(63°-70°F). For the tests at the lower of the two initial sets of temperature 
differences, the tank was at a uniform temperature (since the test was just 
beginning), while the tank at the higher initial temperature differences was 
stratified by the time it reached 36°-39°C (65°-70°F). When stratified, the 
top of the tank is hotter than the average, leading to a higher heat exchanger 
outlet temperature. This pattern was also true of the other two lower initial 
temperature differences of about 8° and 17°C (14° and 31°F). However, as the 
temperature difference decreased from its initial condition, the tank strati
fied and the differences caused by the initial condition disappeared. This 
result was common to all four heat exchangers tested. 

It would be possible to extrapolate the results for flow rates other than 
those tested. However, the change in flow rate does not cause a linear change 
in heat transfer rate based on the temperature difference in Figure 4-3. An 
examination of Figure 4-3c shows that the difference in flow rates is not lin
early proportional to the difference in the heat transfer rate. For example, 
at a temperature difference of 25°C (45°F), changing the flow rate from 5 to 
10 L/min (1.3 to 2.6 gal/min) has a much more significant effect than changing 
it from 15 to 20 L/min (4.0 to 5.2 gal/min). 

The effect of flow rate can be determined from Figure 4-3. As expected, heat 
transfer rates increased with higher flow rates. 

The flow rate dependency is removed from the curves by plotting the heat 
transfer rate against the LMTD as in Figure 4-4. The LMTD contains the heat 
exchanger outlet temperature and is therefore related to the flow rate. Plot
ting the data in this manner also removes the effect of the initially well-
mixed tank, for the two reduced-area heat exchangers. The relative perfor
mance of the heat exchangers can be determined by comparing the heat transfer 
rate versus LMTD as shown in Figure 4-5. The original smooth heat exchanger 
is not included due to failure of some of the thermocouples on the heat 
exchanger which were needed to calculate the LMTD. The original fin had a 
higher heat transfer rate because of the larger heat transfer area. The 
reduced-area smooth-coil heat exchanger transferred heat much more effectively 
than did the finned exchanger that had the same heat transfer area. 

The best correlation is perhaps also the most difficult to use. It is the 
correlation between the Nusselt and Rayleigh numbers, shown in Figure 4-6 by 
heat exchanger type. The original smooth-coil heat exchanger is not shown 
because of instrumentation problems with the thermocouples on the heat 
exchanger. The correlations include all the flow rates tested at all the ini
tial temperature differences. The correlations for a given heat exchanger are 
remarkably close. The heat exchangers are compared to each other in 
Figure 4-7. What was surprising was that the reduced-area smooth-coil heat 
exchanger had higher Nusselt numbers than the larger, original finned-coil 
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heat exchanger over the 
range of Rayleigh num
bers tested. Since the 
results are plotted on 
a logarithmic scale 
(base 10), the differ
ences are even greater 
than they may seem in 
the graph. The smooth 
coil performed about 25% 
better. However, the 
actual overall convec-
tive heat transfer coef
ficient, ho (see eq. 
2-8, Table 2-1), was 
about the same for these 
two heat exchangers 
since there was about a 
25% difference in the 
pipe diameters. 

Comparing results on this graph may not seem easy at first. The Rayleigh num
ber may be considered as a type of potential. It is a measure of the buoyancy 
force created by the temperature difference between the coil and the tank and 
causes the natural convection flow. The Nusselt number is a measure of the 
convective heat transfer from the tank to the coil. Generally, as the Rayleigh 
number increases, the velocity past the outside of the tube increases and the 
natural convective heat transfer coefficient increases. The heat exchangers 
may be compared at a particular operating point (such as a Rayleigh number) 
by examining the corresponding Nusselt number, which represents the heat 
transfer. 

The magnitude of the Nusselt number is an indication of the ratio of the 
convective heat transfer rate to the conductive heat transfer rate through 
the fluid. A Nusselt number of 1 indicates that the convection is occurring 
at the same rate as conduction. In forced convection flows the Nusselt number 
is very high (on the order of several hundred). In a case of pure conduc
tion, the Nusselt number is equal to 1. These test results showed that the 
convective heat transfer coefficient was strongly dependent on the oper
ating conditions and varied from about 50 to more than 1300 W/m °C 
(9-230 Btu/h ft °F). The conductivity of water changed less than 15% over 
the temperature ranges during the tests. The analysis accounted for the tem
perature dependence of all the required water properties. 

The Nusselt number in our tests ranged from 1 to about 35 for corresponding 
Rayleigh numbers of 6.3 x 10 to 7.9 x 10 . Generally, the Nusselt number did 
not fall below 3 or 4 near the end of a test. The data at the lower left end 
of Figure 4-7 are from an extended 8-h test. Near the end of a test, where 
the low Nusselt numbers occurred, the temperature rise across the heat 
exchanger was about 1°C (2°F) and the heat transfer rate was on the order of 
300-400 W (1000-1360 Btu/h). Even at these very low heat transfer rates, some 
convection heat transfer occurs. 
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Figure 4-5. Heat Transfer Rate versus LMTD for 
Three Heat Exchangers 
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Figure 4-7. Nusselt/Rayleigh Correlation for Three Heat Exchangers 

The Nusselt and Rayleigh numbers are related by an empirical factor "C" (see 
Eq. 4-1). This factor should differ among various heat exchanger geometries. 
Figure 4-8 shows the factor C for three of the heat exchangers we tested for 
all the flow rates and initial temperature differences. The factor C is not a 
strong function of heat exchanger flow rate or initial temperature difference. 
However, the factor C does vary with the LMTD, which makes it difficult to 
choose the proper C-value. It is easy to observe from Figure 4-8 that the 
relationship between the logarithms of the Nu and Ra numbers is not linear and 
therefore the simple equation 

Nu = CRam (4-1) 

is inadequate to properly fit the data, 
eq. 2-13 leads to 

Taking the logarithm of each side of 

logigNu = mlog].oRa + c (4-2) 

where m is the slope of the curve in Figure 4-7 and C is the intercept of the 
ordinate. One can see from this figure that the slope m is not constant, which 
is one of the reasons the calculated value of C varies for a specific curves 
heat exchanger in these tests. For a heat exchanger in a mixed tank, the 
curves would be nearly linear and parallel (Farrington and Bingham 1986). The 
change in C would shift the entire curve up or down but not change its slope. 
To adequately account for the tank stratification, the factor m needs to be 
modified. 

If the heat transfer in a given system will generally occur above about 6°C 
(11°F), then an average C value may be chosen. At the lower LMTDs the C-value 
is strongly dependent on the LMTD. Only a small portion of the overall heat 
transfer occurs at the very low LMTDs. The C-values are plotted as a function 
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(Tc - T„ •) in Figure 4-9 and, although they have more spread than the 
versus LMTD curves, are easier to use since the average tank temperature can 

of 
C vers 
be calculated from an energy balance and the heat exchanger inlet temperature 
is generally known. 

The Nusselt-Rayleigh correlations depend on the LMTD since the Rayleigh number 
was calculated using the LMTD. The LMTD was used because it accounts for the 
nonlinear temperature distributions in the storage tank and along the heat 
exchanger. Hence, although Figures 4-6 and 4-7 show good correlations, they 
are not particularly useful to designers because if the designers know the 
LMTD then they have more than enough information already to calculate the heat 
transfer rate. 

Since modeling is complicated by the temperature stratification in the storage 
tank, we also considered using time constants to characterize the performance 
of a load-side heat exchanger. We defined the time constant to be the time it 
took the heat transfer rate to drop to 63.2% of its initial value. The results 
are shown in Table 4-3. 

A plot of the time constants versus flow rate is given in Figure 4-10. The 
best-fit curves were power curves of the form 

x = AV"b , (4-3) 

where the coefficients are given in Table 4-4. The residuals for the curve 
are given in Table 4-5. The residuals are for the average time constant 
which, as seen in Table 4-3, can have variations of several minutes from the 
time constants for particular test runs. The difficulty in calculating the 
time constant accurately comes from variations in the flow rate, time response 
of the sensors, and data collection rate. Changing the selection of the ini
tial heat transfer rate by 1 min can result in a change in the time constant 
of 5 min or more. 

This approach, although simple, may not be particularly accurate. The better 
heat exchanger should result in the lowest time constant since it would remove 
energy the quickest. There is no consistency in the order of the time con
stants. Our tests were not developed to measure this parameter. The time 
constant approach could be a useful tool if data collection rates were 
quicker. A further discussion of how to use an effectiveness with this 
approach is given by Farrington (1986) and includes data from a solar space-
heating system. 
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Table 4-3. Heat Exchanger Time Constants (min) 

Heat 

Exchanger 

Original smooth 

Initial 
Temperature 
Difference 

low 
medium 
high 
very high 

5 

57.2 
52.6 
52.9 

Fl ow Rate 

10 

21.9 
23.9 
21.1 
21.8 

(L/min) 

15 

17.2 
15.1 
14.6 

20 

13.8 
12.4 
10.7 
11.0 

Reduced smooth 

Original finned 

Reduced finned 

average 

average 

54.2 22.2 

43.0 24.4 

15.6 

16.8 

12.0 

low 
medium 
high 
very high 

average 

low 
medium 
high 
very high 

average 

low 
medium 
high 
very high 

44.2 
44.5 
45.9 
— 

44.9 

46.3 
46.0 
46.5 
48.9 

46.9 

39.0 
41.9 
44.9 
46.3 

22.6 
21.7 
22.0 
22.1 

22.1 

23.8 
23.8 
22.8 
23.2 

23.2 

28.2 
24.5 
22.9 
22.0 

17.3 
16.2 
14.3 
— 

15.9 

17.6 
15.1 
14.1 
13.5 

15.1 

20.1 
17.0 
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14.5 
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Figure 4-10. Heat Exchanger Time Constants 
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Table 4-4. Heat Exchanger Time Constant 
Coefficients 

Heat Exchanger 
Coefficients 

Original smooth coil 298.491 

70% smooth coil 192.101 

Original finned coil 246.707 

70% finned coil 170.334 

1.089 

0.918 

1.030 

0.851 

0.990 

0.996 

1.000 

0.999 

a R is one measure of how well a particular curve is 
fitted to the data. Generally, the fit is better as 
R approaches 1. 

Table 4-5. Residuals from Time Constant Curve Fits 

Heat 
Exchanger 

Flow 
Rate 

(L/min) 

5 
10 
15 
20 

5 
10 
15 
20 

5 
10 
15 

5 
10 
15 

T ac tua l 
(min) 

54.2 
22.2 
15.6 
12.0 

44.9 
22.1 
15.9 
12.6 

46.9 
23.2 
15.1 

43.0 
24.4 
16.8 

C a l c u l a t e d 
(min) 

51.8 
24.3 
15.6 
11.4 

43.8 
23.2 
16.0 
12.3 

47.0 
23.0 
15.2 

43.3 
24.0 
17.0 

Residual 
(min) 

2 . 4 
- 2 . 1 

0 . 0 
0 .6 

1.1 
- 1 . 1 
- 0 . 1 

0 . 3 

- 0 . 1 
0 . 2 

- 0 . 1 

- 0 . 3 
0 . 4 

- 0 . 2 

Original smooth coil 

70% smooth coil 

Original finned coil 

70% finned coil 
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5.0 NUMERICAL MODEL AND COMPARISON WITH EXPERIMENTAL RESULTS 

5.1 Description of Model 

Experimental data from a limited number of configurations are inadequate to 
describe the performance of all load-side immersed-coil heat exchangers. 

We developed a numerical model and validated it with our experimental results 
to analyze other configurations or conditions not able to be tested in the 
laboratory. Our objective was to build a simple model that would enable us to 
predict general trends of overall heat exchanger performance. No attempt was 
made to characterize in detail all heat transfer mechanisms present. For this 
analysis we developed a finite difference numerical model of the heat 
exchangers tested in the laboratory. The model used the MITAS (Conner et al. 
1971) thermal analyzer program. 

MITAS is a general-purpose program designed primarily to solve lumped param
eter (i.e., resistor-capacitor [R-C]), network representations of thermal sys
tems. It has the capability to solve large thermal networks (up to 
8,200 nodes and 12,000 unique conductors). Users can interact with the net
work solution by providing their own logic to direct the program execution. 
This is done through a user input language very similar to FORTRAN but allows 
the user access to all the program variables during execution. 

The model developed had 22 nodes to represent the tank fluid, heat exchanger 
tube, and tube fluid. Boundary conditions were the inlet fluid temperature 
and heat exchanger flow rate. The immersed coil-in-tank heat exchanger was 
modeled as seven vertically stacked, horizontal tube/fluid nodes surrounded by 
tank fluid volume nodes. 

Many assumptions used in the model are apparent from the nodal schematic 
(Figure 5-1). There were no conductors from the tank to the ambient room 
air. This assumption of no tank losses was justified for several reasons. 
First, the measured heat loss from the tank was quite low, with a UA of 
1.6 W/°C (3.0 Btu/h °F). Second, the time period of the test, up to 4 h, was 
a short enough period that the heat loss from the tank did not play a major 
part, particularly as the driving temperature difference was relatively low 
during most of the test period. 

We also did not include the conduction across the heat exchanger tube wall 
itself. The temperature drop across a 1.6-mm copper tube wall was negligible 
when compared to the temperature drop on either side of the tube wall. We 
also assumed an axially adiabatic tube with no conduction down the length of 
the copper tube itself. 

Finally, we assumed no mixing of the fluid in the tank itself. Test results 
showed a significant amount of stratification in the tank, indicating very 
little mixing of the tank fluid. We felt connecting the tank nodes with a 
simple conduction term would be sufficient for our purposes. The model allows 
only conduction from tank node to tank node. The fluid is not allowed to cir
culate. This is somewhat similar to the model of Jones et al. (1985). Param
eters used in the model are listed in Table 5-1. 
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Tube Tube Tank 
fluid wall fluid 

Nodes 
1-7 Tube fluid 

11-17 Tube wall 
21-27 Tank fluid 

99 Hx inlet 

Node types 

O Capacitance 

• Zero mass 

D Boundary 

Conductors 

A Heat transfer 
in Hx fluid, mCp 

B Convection Hx fluid 
to tube, hA 

C Convection tube to 
tank fluid, hA 

D Conduction between 

tank fluid, kA/L 

Hx inlet 

Figure 5-1. Nodal Schematic of MITAS Heat 
Exchanger Model 
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Table 5-1. Assumptions Used in Heat Exchanger Model 

Parameter 

Tank volume (m ) 
Tank height (m) 
Tank radius (m) 
Heat exchanger flow 
rate (L/min) 

Heat exchanger length (m) 
Heat exchanger outside 
area (m2) 2.45 2.46 

Smooth Heat 
Exchanger 

0.409 
1.524 
0.292 

5 to 15 
49.07 

Finned Heat 
Exchanger 

0.409 
1.524 
0.292 

5 to 15 
13.90 

Heat exchanger insi 
area (m ) 

de 
1.958 
1.0 
0.9 
0.25 
12.7 

0.476 
0.854 
0.6 
0.25 
10.9 

Fin efficiency 
C-value 
m-value 
Tube inside diameter (mm) 
Tube outside diameter (mm) 
(excluding fins) 15.9 12.4 

With these assumptions, the model calculated new conductors using new fluid 
properties (density, viscosity, specific heat, and thermal conductivity) each 
time step as a function of temperature. The "B" conductors (see Figure 5-1) 
from the fluid inside the tube to_ the inner tube wall were determined from an 
overall inside film coefficient, hj_: 

k Nu; 
hi = — — i - . (5-1) 

2ri 

The overall inside Nusselt number Nu£ included the temperature drop across the 
inside boundary layer using the Petukhov-Popov correlation (Petukhov 1970), 

where 

(f/8) Re Pr 

Kj + K2 (f/8)
1/2(Pr2/3 - 1) 

TT— V,L/O/ eve rt . _ . 

Nu£ = 1/2 „,„ (5-2) 

Re = Reynolds number 
Pr = Prandtl number 
f = (1.82 log Re - 1.64)* 
*1 - I + 3.4 f 
K2 = 11.7 + 1.8/(Pr)

i/J. 

2 

The convection conductors ("C" in Figure 5-1) from the outer tube wall to the 
tank 
where 
tank fluid were determined from an outside film coefficient h0 = kNu/2r0, 

Nu = C Ra m , (5-3) 

where m = 0.25 and C is a constant determined by the experimental data. We 
ran cases with values of C ranging from 0.1 to 0.9 and used the value that was 
most consistent with the experimental data. 
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The experimental values of C (see Figures B-7 and B-8 in Appendix B) were not 
constant. The determination of C for this model was quite difficult. We var
ied the constant values of C in the model until reasonable agreement with the 
experimental data was obtained. In Figure 5-2 we compare the experimental 
data with values of C from 0.4 to 0.7. 

Increasing values of C resulted in a higher heat exchanger outlet temperature 
for a given time. This shows that the heat transfer rate is proportional to 
the C-value, which is not unexpected, since the Nusselt number and resulting 
outside heat transfer coefficient h 0 vary directly with the C-value as seen in 
Eq. 5-3. However, the variation due to C-value was not great. The C-value 
used for the outside heat transfer coefficient for the smooth coil was 0.9, 
which was the value that resulted in a model that most closely agreed with the 
experimental data. 

In the case of the finned heat exchanger, we performed the same variation of 
the value of C and compared it with experimental data. The results are shown 
in Figure 5-3. The heat exchanger outlet temperature varied about 10% for 
C-values of 0.6 to 1.0. Also shown in this figure are the experimental data, 
which agree fairly well with C-values in this range. We used a C-value of 0.6 
for all the finned heat exchanger simulations. 

The heat transfer in the heat exchanger fluid as a result of the fluid flow 
inside the tube is represented by the mCp conductor ("A" in Figure 5-1). The 
final group of conductors "D" connect the tank fluid nodes by a simple kA/L 
conduction. Convection between tank nodes was not modeled. 

55 

50 

45 

40 

23 

20 

SMOOTH HX OUTLET, C-VAL VARIATION 
1 0 LPM , 40C DELTA-T 

\ 

N c» 

V 

0 40 

O EXP 

80 120 

TIME, MINUTES 
+ C-,4 

160 200 

i C-.6 * C-.7 

240 

Figure 5-2. Model versus Experimental Data: Smooth 
Heat Exchanger Variation of C-value 

34 



SE?I * TR-3094 

FINNED HX OUTLET, C-VAL VARIATION 

60 
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3 
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TIME, MINS 

+ c-1 a c-,8 v c-,6 

Figure 5-3. Model versus Experimental Data: Finned 
Heat Exchanger Variation of C-value 

The time step used in the model is 10 s, which results in an energy balance on 
each node to within 2%. The overall system energy balance is within 1%. Each 
iteration, the maximum temperature change for each node is 0.01°C. This 
appeared to be a good compromise between accuracy and computational time. 

Previous analytical work on immersed-coil heat exchangers (Farrington and 
Bingham 1986) identified several key parameters for heat exchanger perfor
mance. These parameters are (1) heat exchanger area, (2) heat exchanger flow 
rate, (3) temperature difference between the heat exchanger inlet and tank 
temperature, and (4) the C factor relating the Rayleigh and Nusselt numbers in 
Eq. 5-3. In our model, we will vary each of these factors to determine its 
effect on heat exchanger performance. 

5.2 Comparison of Stratified Tank with Mixed Tank 

We compared the results of our stratified tank model with a 
increasing the value of the tank-to-tank conductors D in Figure 
value. In the stratified tank, the value of the D conductor 
smaller than the C conductor from the tank nodes to the heat 
nodes. In the mixed tank, the D conductor is 150 times larger 
ductor. This reduced the stratification to less than 0.3°C. 
to determine the effect of stratification on the performance 
heat exchanger. In addition, since a heat exchanger located in 
tank tends to reduce stratification, we can approximate the 
this configuration. 

mixed tank by 
5-1 to a large 
was 3000 times 
exchanger tube 
than the C con-
This allowed us 
of a load-side 
the top of the 
performance of 
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Because of the difficulty in defining the tank temperature in a stratified 
tank, it is very difficult to define heat exchanger effectiveness, as dis
cussed in previous sections. In a well-mixed tank this heat exchanger effec
tiveness is easily defined. With Eq. 2-3, Figure 5-4 shows the effectiveness 
of a heat exchanger in a mixed tank plotted against the temperature difference 
between the average tank temperature and the heat exchanger inlet. Note the 
high effectiveness for this heat exchanger, which is the same heat exchanger 
used in the smooth heat exchanger testing discussed in the previous section. 
When we plot the effectiveness versus the LMTD as defined in Eq. 2-6, we 
again see high values of effectiveness for this heat exchanger (Fig. 5-5). 
This is largely due to the large (2.45-m ) surface area. 

The results shown in these figures should not be compared to effectiveness 
results elsewhere in this report, due not only to the difference in the defi
nition of tank temperature, but also in LMTD. These results for heat 
exchanger effectiveness in the mixed tank are shown here to indicate the high 
effectiveness of the heat exchanger tested and modeled in a tank where effec
tiveness is a meaningful measurement. 

The heat transfer rate of the smooth heat exchanger in a mixed tank is shown 
in Figure 5-6, as plotted against LMTD. At large values of LMTD, the heat 
transfer rate is over 20 kW. Although we cannot accurately compare the effec
tiveness of a load-side heat exchanger between mixed and stratified tanks, we 
can compare the heat transfer rate of the same smooth heat exchangers. In 
Figure 5-7 we can compare the heat transfer rate versus time for the two 
tanks. At the beginning of the simulation, when both tanks are mixed, the 

HX EFFECTIVENESS - MIXED TANK 
SMOOTH HX 40C DELTA-T 1 0 LPM 

05 -

08 -

07 -

0 6 -

OS -

0 4 -

0 3 -

0 2 -

0 1 -

0 - • - 1 1 I I J— 
10 20 30 

AVG TANK - HX INLET DEGREES C 

40 

Figure 5-4. Heat Exchanger Effectiveness in a Mixed 
Tank as a Function of the Temperature 
Difference between the Tank and the Heat 
Exchanger Inlet 
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EFF VS LMTD - MIXED TANK 
SMOOTH HX 40C DELTA-T 10 LPM 

LMTD DEGREES C 

Figure 5-5. Heat Exchanger Ef fec t iveness in a Mixed 
Tank as a Function of LMTD 

HEAT TRANSFER RATE VS LMTD - MIXED TANK 
SMOOTH HX 40C DELTA-T 10 LPM 

LMTD DEGREES C 

Figure 5-6. Heat Transfer Rate of a Smooth Heat 
Exchanger in a Mixed Tank as a Function of 
LMTD 
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HEAT TRANSFER RATE: MIXED VS STRATIFIED 
SMOOTH HX, 40C DELTA-T. 10 LPM 

• MIXED TANK 
TIME. MINUTES 

+ STRATIFIED TANK 

Figure 5-7. Comparison of Heat Transfer Rate of the 
Same Heat Exchanger in a Mixed and a 
Stratified Tank 

heat transfer rate is the same. Within 10 min, the stratified tank shows an 
improved heat transfer rate by 2 kW. The heat transfer rate of the stratified 
tank is 2-3 kW higher from 10 to 30 min and is higher until 60 min into the 
test. Most draws from a storage tank in practice are less than 40 min. This 
shows a significant improvement for stratified tanks over mixed tanks or tanks 
with load-side heat exchangers located at the top of the tank. 

Figure 5-8 shows the tank node temperatures in the stratified tank during the 
simulation. The node height from the bottom of the tank is shown on the 
x axis, and tank node temperature on the y axis. At time = 0, all nodes are 
at 57.6°C. During the simulation, the stratification increases to a point, 
and as the energy is removed from the tank, the stratification decreases. 
This figure shows the large amount of stratification in the tank, especially 
at 25 min, when there is a 22°C difference between the top and bottom tank 
nodes. The stratification in the tank in this base case (smooth coil, 10 L/min 
draw, and 40°C initial temperature difference between the tank temperature and 
heat exchanger inlet temperature) is over 20°C between 13 and 37 min into the 
simulation. During this 24-min period the heat transfer rate ranges from 13 
to 23 kW. 

5.3 Comparison of Experimental and Numerical Results 

To use our analytical model to characterize the performance of heat exchangers 
not tested in the laboratory, it is important to first compare the results of 
the model to available experimental data. We tested four heat exchangers, 
smooth and finned coil, of two different sizes (2.5-m [27-ft ] and 1.7-m 
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60 

TANK TEMPERATURE PROFILE 
SMOOTH COIL, 40C DT, 1 0 LPM 

0.33 

5 min 

0 56 0 77 

TANK NODE HEIGHT, M 

0 99 1 21 1 43 

Figure 5-8. Stratified Tank Temperature Profile at 
Different Times during Simulation 

2 
[18-ft ] outside surface area). For most of these, we tested the heat 
exchanger at 5, 10, 15, and 20 L/min (1.3, 2.6, 4.0, and 5.2 gal/min) and at 
four different initial tank temperatures, approximately 10°, 20°, 40°, and 
60°C (18°, 36°, 72°, and 108°F) above the heat exchanger inlet temperature. 

We attempted to verify our model by comparing the results of a baseline case 
(10 L/min [2.6 gal/min] heat exchanger flow rate, initially mixed tank temper
ature 40°C [72°F] above heat exchanger inlet temperature) for both the smooth 
and finned coils. Table 5-1 lists the assumptions used in the model. From 
these baseline cases, we will change the flow rate (5 and 15 L/min [1.3 and 
4.0 gal/min]) and then lower the initial tank temperature (10°C [18°F] above 
heat exchanger inlet) and compare these results to those obtained from labora
tory testing. All data presented are calculated unless expressly labeled as 
experimental. Figure 5-9 compares the heat exchanger outlet temperature for 
analytical and experimental results for flow rates of 5, 10, and 15 L/min 
(1.3, 2.6, and 4.0 gal/min) for the smooth-coil heat exchanger. The results 
agreed well within 1°C (2°F) for the 10- and 15-L/min (2.6- and 4.0-gal/min) 
cases. The agreement was not as good for the 5-L/min (1.3-gal/min) case, 
deviating 2°C (4°F) in some cases. However, the agreement was much better at 
the start of the test, when most of the heat transfer occurred. Figure 5-10 
depicts the same 5, 10, and 15 L/min (1.3, 2.6, and 4.0 gal/min) cases for the 
finned-coil heat exchanger. Although the agreement was not as good as for the 
smooth-coil heat exchanger, it was again quite good during the first 30 min of 
the test. 

The next two cases to be compared were from the same two heat exchangers, 
smooth and finned coil, but in a tank where the initially mixed tank tempera
ture was only 10°C (18°F) above the heat exchanger inlet temperature. At this 
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SMOOTH HX OUTLET TEMPS, 5 - 1 5 LPM 
COMPARISON BETWEEN EXP DATA AND MODEL 

80 120 

TIME, MINUTES 

200 

Figure 5-9. Model versus Experimental Data: Smooth 
Heat Exchanger Outlet Temperature versus 
Flow Rate 

FINNED HX OUTLET TEMPS, 5 - 15 LPM 
COMPARISON BETWEEN EXP DATA AND MODEL 

60 80 100 

TIME, MINUTES 

Figure 5-10. Model versus Experimental Data: Finned 
Heat Exchanger Outlet Temperature versus 
Flow Rate 
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initial tank temperature there was not the driving force that there was in the 
case with the higher initial tank temperature. We did not change the C-value 
for the lower initial tank temperature. Figures 5-11 and 5-12 show the com
parison of the analytical versus experimental heat exchanger outlet tempera
ture for the lower initial tank temperature (10°C [18°F] above heat exchanger 
inlet at a flow rate of 10 L/min [2.6 gal/min]) for the smooth- and finned-
coil cases, respectively. The agreement in these two cases was within 1°C 
(2°F) of the heat exchanger outlet. These figures, which show temperature 
versus time, show an underprediction of the heat removed from the tank as 
indicated by the higher heat exchanger outlet temperature early in the test. 

Considering the simplifying assumptions described in Section 5.1 and other 
differences between the model and the test heat exchanger, the agreement 
between the experimental and analytical results seems quite good. Such dif
ferences include (1) variation of flow rate (±1%) during the test versus no 
change in model, (2) difference in actual thermistor location and tank node 
location in model, (3) inlet tube to coil from top to bottom of tank modeled 
only as additional heat exchanger area, and (4) inherent measurement error. 
The model also used a constant C factor to calculate the average outside heat 
transfer coefficient (Eq. 5-3). 

The energy extracted from the tank as represented by the heat exchanger outlet 
temperature appeared to agree fairly well when varying the initial tank tem
perature and heat exchanger flow rate. Parametric analysis of heat exchanger 
performance can now be performed with some confidence that the general trends 
of heat exchanger performance determined analytically will agree with actual 
heat exchangers of similar configuration. 

SMOOTH HX OUTLET TEMPS - DELTA-T = 10C 
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Figure 5-11. Model versus Experimental Data: Smooth 
Heat Exchanger Outlet Temperature with 
Lower Tank Temperature 
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Figure 5-12. Model versus Experimental Data: Finned 
Heat Exchanger Outlet Temperature with 
Lower Tank Temperature 

5.4 Results of Parametric Analysis 

9 9 

The initial case was a 2.45-m (26-ft ), smooth-coil heat exchanger similar to 
that built for the experiment. The conditions of the base case were a flow 
rate of 10 L/min (2.6 gal/min) and a temperature difference between the ini
tially mixed tank and the heat exchanger inlet of 40°C (72°F). The heat 
exchanger outlet temperature, an indication of the energy removed from the 
tank, and the vertical average tank temperature are shown in Figure 5-13. 
At 10 L/min (2.6 gal/min) the vertical average tank temperature was 2°-4°C 
(4°-7°F) below the heat exchanger outlet. Most of the energy had been removed 
from the tank after the first hour of the test. The heat transfer rate q, as 
a function of the LMTD, is shown in Figure 5-14. At these baseline conditions 
the heat transfer rate was a direct function of the LMTD, which is defined as 

LMTD 
(Tn , - T„ .1 - (T„ - T ) 

_ *• S,b Hx,ij *• S,t Hx,oj 

Sin 
S,b - T 

(5-4) 
Hx,i 

T - T 
v S,t Hx,o, 

The effect of heat exchanger flow rate on the heat exchanger outlet and aver
age tank temperature is shown in Figures 5-15 and 5-16, respectively. As 
expected, the higher the flow rate, the more quickly the energy in the tank 
was depleted as shown by the heat exchanger outlet temperature and storage 
tank temperature decreasing more rapidly. 
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Figure 5-13. Baseline Case: Outlet Temperature and 
Vertical Average Tank Temperature 
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SMOOTH HX - HX OUTLET VS FLOWRATE 
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Figure 5-15. Smooth Coil Heat Exchanger Outlet 
Temperature versus Flow Rate 
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Figure 5-16. Smooth Coil Heat Exchanger Vertical Aver
age Tank Temperature versus Flow Rate 
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Figure 5-17 shows the heat transfer rate for the smooth heat exchanger at flow 
rates of 5, 10, and 15 L/min. At higher flow rates the heat transfer rate 
from the tank is dramatically increased. The heat transfer rate is simply a 
function of the flow rate and capacitance of the fluid and the temperature 
difference across the heat exchanger. 

9 9 Our next model was patterned after the 2.46-m (26-ft ), finned-coil heat 
exchanger tested in the laboratory. 

The effect of flow rate on heat transfer rate for finned heat exchangers is 
shown in Figure 5-18. If you compare these results with those in Figure 5-17 
for the smooth heat exchanger, you see a pronounced improvement in heat trans
fer rate for the smooth heat exchanger. The initial point reflects the heat 
transfer rate at 5 min and is 23% higher for the smooth heat exchanger with 
the same external surface area at each flow rate. 

Figure 5-19 compares heat transfer rates of the finned and smooth heat 
exchangers as a function of LMTD at an initial tank temperature of 40°C. This 
figure shows another view of the marked improvement of a smooth heat exchanger 
over a finned heat exchanger of the same external surface area. At an LMTD of 
10°C the smooth heat exchanger has a 40% higher heat transfer rate than the 
finned heat exchanger. Even at lower LMTDs, the smooth heat exchanger simi
larly outperforms the finned heat exchanger with equal external surface area. 
Figure 5-20 shows the same plot with an initial tank temperature 30°C lower. 
Again the improvement in heat transfer rate of the smooth heat exchanger is 
apparent. At an LMTD of 3°C the improvement is nearly 60%. 
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Figure 5-17. Heat Transfer Rate for Smooth Heat 
Exchanger versus Time for Flow Rates of 
5, 10, and 15 L/min 

45 



aii TR-3094 

FINNED HX - HEAT TRANSFER RATE VS. FLOW 
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Figure 5-18. Heat Transfer Rate for Finned Heat 
Exchanger versus Time for Flow Rates of 
5, 10, and 15 L/min 
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Figure 5-20. Comparison of Finned and Smooth Heat 
Exchangers: Heat Transfer Rates for 
Initial Tank Temperature of 10°C above 
Heat Exchanger Inlet 

Both of these heat exchangers had approximately the same external surface 
area, but the smooth coil had a much higher inside surface area for heat 
transfer. For a given external area, the finned heat exchanger did not per
form as well, but note that the internal surface area of the smooth heat 
exchanger is more than four times greater than the finned heat exchanger. 
Also, the fin efficiency reduces the performance of the finned heat exchanger. 

The final parameter analyzed was the outside area of the heat exchanger. The 
heat transfer rates of heat exchangers with 0.25, 0.5, 1, 2, and 5 times the 
area of the baseline case are depicted in Figures 5-21 and 5-22 for the 
smooth- and finned-coil heat exchangers, respectively. Note that the changes 
in area are not linear. In both cases, the larger-area heat exchangers 
deplete the energy in the tank at a faster rate. The maximum LMTDs were much 
lower for the heat exchangers with higher areas. The largest LMTD is seen at 
the beginning of the test. For a given time step, the smaller-area heat 
exchangers will produce a larger LMTD after the initial time step, which is 
indicated on the graphs as the maximum LMTD. The result that is seen from 
these two plots is that for a given LMTD, the larger heat exchangers have a 
higher heat transfer rate. This is not unexpected. The difference between 
the finned and smooth heat exchangers is evident for each area. Comparing 
Figures 5-21 and 5-22 indicates improved performance of the smooth over the 
finned heat exchanger for a given LMTD and surface area. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

The testing and analysis of heat exchangers that transfer heat by natural con
vection and are used in stratified storage tanks is very difficult. Typical 
engineering approaches to characterize the performance of heat exchangers use 
the concept of effectiveness. The heat exchanger effectiveness is a very use
ful concept in forced convection situations or when one source is isothermal. 
The effectiveness concept requires that the storage tank be represented by one 
temperature, which is not possible in a stratified tank. 

In this report, we have discussed the various approaches to representing the 
storage tank by one temperature and shown the results of some of those defini
tions graphically. We have graphically represented the measured performance 
of four heat exchangers using various parameters, including the heat transfer 
rate, heat exchanger UA, heat exchanger U-value, and heat exchanger C-factor, 
versus various definitions of temperature differences including the LMTD. We 
also correlated the Nusselt and Rayleigh numbers. 

The results from these tests show the actual performance of various heat 
exchangers. Designers can use these results when they design similar heat 
exchangers. Our test results show that heat exchangers can be used in storage 
tanks without destroying the stratification in the storage tank and can even 
enhance stratification. Therefore, they could be used in conjunction with a 
low flow strategy as identified by Fanney and Klein (1986). Low collector flow 
rates result in storage tank stratification that leads to higher colector 
efficiency and improved system performance. An ideal system for this approach 
would be an unpressurized drainback system where the fluid in the storage tank 
(water) would be circulated through the collectors. Whenever the pump stops, 
the water "drains back" into the storage tank. Energy is removed from the 
storage tank by a load-side heat exchanger, such as discussed in this report. 
Such a system would allow the use of a low-cost unpressurized collector and 
storage tank, very low flow rates, and, hence, a small pump and smaller pipes 
and possibly simpler controls. 

In addition to general information on how load-side heat exchangers perform, 
we presented measured heat exchanger U-values. These values ranged from under 
100 W/m °C (18 Btu/h ft °F) for low temperature differences to as high as 
1200 W/m2 °C (210 Btu/h ft2 °F) for high temperature differences. The reduced-
area smooth coil (with 70% of the area of the original larger coil) had a 
higher U-value than the original smooth coil. This indicates that the addi
tional heat exchanger area of the larger coil did not transfer energy as 
effectively as the smaller area. Reducing the heat exchanger area can lead to 
higher U-values because there is less area to transfer heat and the average 
temperature difference between coil and water remains higher, although it will 
also reduce the heat transfer rate since there is less area for heat transfer 
to occur. 

As expected, heat transfer rates increase with flow rate and temperature dif
ference between the storage tank and heat exchanger inlet. Increasing heat 
exchanger flow rates also decreases stratification in the tank since the fluid 
has less time to be heated in a certain length of the heat exchanger. This 
results in cooler fluid at the outlet of the heat exchanger, which subse
quently cools the top of the tank. Low heat exchanger flow rates can lead to 
significant temperature stratification in the storage tank. 
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Perhaps the best correlation we had was between the Nusselt and Rayleigh num
bers. The results were very consistent for each heat exchanger type and did 
not deviate because of flow rate and initial temperature differences. The 
Nusselt numbers ranged from 1 to about 35 for corresponding Rayleigh numbers 
of 6.3 x 10 to 7.9 x 10 . Generally, the Nusselt number did not fall below 3. 

One significant result of this work is that under the conditions we tested, 
the smooth coil outperformed the finned coil. In fact, for a given Rayleigh 
number, the reduced-smooth coil had a significantly higher Nusselt number than 
the larger, original finned coil. Finned coils are sometimes required because 
of lack of space but do not perform as well as ordinary, smooth copper pipe 
with the same heat transfer area. Part of the reason is because fins have an 
efficiency less than 1 and therefore the effective heat transfer area is less 
than the actual heat exchanger area. In addition, the fins may reduce the 
velocity past the base of the pipe. This is consistent with the results of 
the collector-side testing at SERI (Farrington and Bingham 1986) where the 
smooth also outperformed the finned heat exchangers. 

We recommend, when possible, that smooth coils be used for both load-side and 
collector-side heat exchangers. In addition, when compatible with the overall 
design of a system, load-side heat exchangers should be designed vertically to 
enhance storage tank stratification. Placing the heat exchanger symmetrically 
in the tank with equal volumes of water on each side of the coil (instead of 
halfway between the edge and the center) should minimize cold or stagnant vol
umes of water, since convective heat transfer is a mass-dependent phenomenon. 

The analytical model provided some interesting results. In particular, the 
performance of a heat exchanger in a stratified tank was considerably improved 
over the same heat exchanger in a mixed tank. This indicates that for load-
side heat exchangers, stratification improves performance significantly. This 
also indicates an improvement over placing the heat exchanger in the top of 
the tank. The heat transfer rate of the heat exchanger was higher for a given 
LMTD for lower heat exchanger flow rates. The heat transfer rates of heat 
exchangers with larger exterior surface areas were much more sensitive to 
LMTD, while the difference in heat transfer rates for the smaller heat 
exchangers was relatively small. Comparing finned- and smooth-coil heat 
exchangers with similar external surface areas indicated much better perfor
mance for the smooth-coil heat exchangers, which had a much larger inside sur
face area for heat transfer. 

The analytical model developed to analyze load-side heat exchangers did a rea
sonable job of simulating the performance, based on comparison with experi
mental results. Further development of the model to handle different heat 
exchanger geometries would be useful. In particular, a more detailed model 
coupling the natural convection to the stratifying fluid should be devel
oped. The number of simplifying assumptions used could be reduced to produce 
more accurate results. The analytical model we developed cannot easily be 
used to size heat exchangers. The development of a closed-form solution to 
load-side heat exchanger performance would provide designers with a tool they 
could use in specifying heat exchangers for these applications. 
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So far, a simple design tool has not been developed that can be used to ana
lyze the performance of load-size heat exchangers. To effectively compare 
load-side heat exchangers to other types of heat exchangers, a numerical 
model, such as the one discussed in this report, must be used. Similarly, 
parametric analysis to investigate the effect of heat exchanger area, flow 
rate, and storage tank size must presently be accomplished with a detailed 
numerical model. 
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APPENDIX A 

MEASUREMENT UNCERTAINTY ANALYSIS 

A.l Sources of Heat Exchanger Test Measurement Error 

In a recent conference paper, Farrington and Wells [1] discuss the procedure 
used for this measurement uncertainty analysis. This method is based on ASME 
Performance Test Code 19.1-1985 [2]. Table A-l lists sources of elemental 
error for measuring the effectiveness of an immersed heat exchanger. Within 
each category, the error sources are classified as to their nature, whether 
they cause scatter in the data (random or precision errors), or whether they 
cause fixed offsets in the data (systematic or bias errors). 

The elemental errors were derived from various sources. When possible they 
were measured or derived from manufacturers' specifications. When this was 
not possible they were calculated or estimated using the best information 
available. 

First, the sources of error in the calibration process were considered. These 
errors originated from the standards used to establish the known temperatures, 
the circulating liquid calibration baths in which the temperature sensors were 
calibrated, the instrumentation to measure the sensors during the calibration, 
self-heating errors in the sensors during calibration, etc. The errors that 
resulted from the curve-fitting process used with the calibration data to 
establish the polynomial expressions (used in the data acquisition computer to 
calculate temperatures from measuring the resistance of the sensors) are 
included in the data reduction category of errors. 

Four-wire RTDs were used where possible to eliminate the effect of lead resis
tance. The RTD leads were short-circuited near the sensor to ensure that a 
proper four-wire measurement was being made. 

Very small thermistors with a very short time constant (measured as 18 ms 
using the plunge into water technique) to avoid disturbing the convective flow 
and allowing detection of very rapid changes in the convective currents were 
used to measure the tank temperature. 

The thermistors were provided with 2-m leads calibrated by the manufacturer. 
The tank temperature thermistor had a 2-m lead resistance of 46.79 Q and a 
resistance from additional leads of 3.40 Q. The lead resistance was accounted 
for in the data acquisition program. The change in resistance of the leads, 
because of varying temperature of the environment, was less than 1 mK. 
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Table A-l. Elemental Errors (mK) 

Error Sources 
Degrees of 

Systematic Random Freedom 

Calibration 

Triple point of water ±0.2 
Reproducibility in 
DQT* calibration -0, +1.0 

DQT calibration 
resolution ±0.5 

DQT stability ±10.0 
DQT linearity and 
hysteresis ±16.0 

Bath stability ±3.0 
Bath gradients ±3.0 
RTD resistance 
measurement ±12.5 

RTD stem conductance ±5.0 
RTD self-heating ±0.1 
DVM** thermal EMFs ±2.5 

Thermistor, factory 
calibration ±100.0 

Thermocouple, Tfl ±100.0 

Flowmeter calibration ±0.05% 

±3.8 >30 

Acquisition 

RTD: 
DVM, 4-wire Q 
Self-heating 
Stability 
Repeatability 
Installation 

Thermistors: 

±3.2 
±0.1 
±125.0 

-10.0 

±0.9 

±5.0 

>30 

>30 

DVM, 2-wire fi 
Self-heating 
Stability 
Repeatability 
Temp, effects of 
lead resistance 

Thermocouple, Ta 

Flowmeter: 
Stability 
Repeatability 
Temperature effects 
Frequency measurement 

±7.0 
-0, +170.0 

±25.0 

±0.1 

±100.0 

±0.5% 

negligible 
±0.1% 

±0.1 

±5.0 

±1.0 

±0.20% 

±0.1% 

>30 

>30 

>30 

>30 
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Table A-l. Elemental Errors (mK) (Concluded) 

Error Sources Systematic Random 
Degrees of 
Freedom 

Reduction 

RTD curve-fitting to 
calibration data 
(worst residual) 

Computation of 
temperature 
from polynomial 

Curve-fitting T 
Curve-fitting flow rate 

±2.1 

±50.0 
±0.3% 

±5.0 >30 

*DQT, HP 2804A digital quartz thermometer. 
•*DVM, HP 3056A digital voltmeter. 

A.2 Uncertainty Calculations and Results 

Theoretically, only three sensors are required to determine the effectiveness 
of an immersed heat exchanger, those that measure: the temperature of the 
fluid entering the heat exchanger, the temperature of the fluid leaving the 
heat exchanger, and the temperature of the tank. 

The effectiveness for an immersed heat exchanger is 

_ THx,o " THx,i 
TS ~ THx,i 

The total systematic error is 

R — He \( 8 e c ) 
\ 3 T H x , o lHx,o) 

l a l s 

R -Be 
( 1 
\ T S " TH x > 

+ 

2 / 3e \2 Uz n \ 2 1 
V3THx,i "ln*,iJ V3Ts " i s / 

\ 2 2 1 RT + 
i) T Hx,o 

T Hx,o " THx 

_(TS ~ T H x , i 

T S " T Hx,o " 

_(TS " T H x > i ) 2 

)2_ 

2 2 1/2 
B T S j 

2 2 
B T«x, 

1/2 

(A-l) 

(A-2) 

(A-3) 

where the Bs are the total systematic errors for that measurement. The same 
equation is used to calculate the total random error for the heat exchanger 
effectiveness except that the individual random measurement errors R, are used 
instead of Bj. 

Properly combining the uncertainties (including using methods of combining 
large and small errors) from each elemental source of error leads to the 
results shown in Table A-2. 
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Table A-2. Total Sensor Measurement Uncertainty (mK) 

Measurement 

Heat exchanger 
inlet temperature 

Heat exchanger 
outlet temperature 

Tank temperature 

Ambient temperature 

Flow rate 

Bias Limit 

±67.3 

±67.3 

+295.1, -125.2 

±150 

±0.59% 

Random 
Uncertainty 

±18.8 

±18.8 

±5.0 

±1.0 

±0.22% 

The uncertainties need to be calculated for the total positive systematic 
error and the total negative systematic error (since these are some asymmetri
cal systematic errors) as well as the total random error. After that the two 
types of errors are combined. For a high temperature difference between the 
smooth-coil heat exchanger inlet and tank, the following conditions existed 
during the test: 

m = 0.168 kg/s (10.1 L/min) 

Tg = 55.47°C 

THx,i = 1 7 ' 5 0 ° C 

THx,o - 5 4 ' 2 7 ° C 

UAHx = 1957 W/°C 

q = 25,866 W 

e = 96.8% . 

These values are put into Eq. A-3, which results in 

Be =J0.026BxHx + 0.00083B|HX i + 0.026B|S ) • (A-4) 

It is clear that at these conditions the accuracy of Tyx and Tg are more 
important than T„ •. This basic equation is used to calculate both system
atic errors (positive and negative) and the random error. The sensor uncer
tainties from Table A-2 are used in Eq. A-4 to give 

B* = 0.008 

E~ = 0.004 . 

The same procedure is followed for the total random error, which leads to 

Re = ±0.0005 . 
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It is important to realize that the systematic errors are much larger than the 
random errors. 

At this point the different types of errors are combined to get 

U95 = +0.008 

U95 = -0.004 

for Ugc and 

U99 = +0.009 

U99 = -0.005 

for Ugg. For this example the overall uncertainty using Ugc is 

e = 0.968 +0.008, -0.004 , 

or an error range from -0.4% to +0.8%. The error range using Ugg is -0.5% to 
+0.9%. 

Higher errors would be expected at smaller temperature differences. For a low 
temperature difference between the smooth-coil heat exchanger inlet and tank, 
the following conditions existed during the testing: 

m = 0.168 kg/s (10.09 L/min) 

Ts = 29.46°C 

THx,i " 1 6 ' 2 5 ° C 

THx,o = 2 7 ' 7 1 ° C 

UAHx = 1395 W/°C 

q = 8061 W 

e = 86.8% . 

When these values are put into Eq. A-4, the result is 

Be =fo.076B|Hx>o + 0.01B|HX>. + 0.066B|S j
l / 2 . (A-5) 

At the low temperature differences, the accuracy of T„ is the most impor
tant contributor for both the systematic and random errors. Following the 
same procedures as before, the results are 

B* = +0.02 

B~ = -0.01 

R = ±0.001 
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J95 

J99 

= +0.02, -0.01 

= +0.023, -0.013 . 

This leads to the result that the overall uncertainty using Ugc ranges from 
-1.2% to +2.3% of the measured effectiveness. The uncertainty range increases 
using Ugg, ranging from -1.5% to +2.6% of the measured effectiveness. This 
higher uncertainty is expected at the lower temperature difference since the 
sensor error is a larger fraction of the temperature differences. 

Since the uncertainty of the effectiveness is so much greater for the smaller 
temperature differences, we calculated the uncertainties after each scan. A 
plot of the heat exchanger effectiveness plus or minus the uncertainty is 
shown in Figure A-l(a) for the low temperature difference case. 

However, for back-to-back tests and comparisons, the systematic error cancels 
and the uncertainty is tgcR, which is equal to ±0.001 or ±0.1% for the first 
example and ±0.002 or ±0.2% for the second example. 

The heat transfer was calculated from Eq. 2-4. 

The total systematic error of the calculated heat transfer is 

Bq = mCp 
(THx,o " THx,j) 

m 
m *Hx,i "Hx,o 

1/2 
(A-6) 

which assumes negligible error in calculating the heat capacity of water, as 
was done for the other calculations. 

The heat-exchanger UA was calculated from Eq. 2-5. 

The total systematic error of the heat-exchanger UA is 

B(UA)H} TS,t " THx,o - uvy 
-u 

s»t \TS,b " THx,i 
+ uvy)^ Bf 

S,b 

TS,b " THx,i 

-u 

- vy(u + mCD) 

+ vy(u + mCD) 

2 B | Hx,i 

.TS,t _ THx,o 

VY cp <THx,o " THx,i> 2 R
2 

m 

2 -2 
BT Hx,o 

1/2 

where 

u = mC 
(THx,o ~ THx,j) 

P (TS,t " THx,o) " (Ts>b - THx,i) 

(A-7) 

(A-8) 
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„ (TS,t ~ THx,o \ ,. nS 

v = an =-* = —— (A-9) 
\TS,b " THx,i / 

y = [(TS)t - THx>0) - (Ts>b - THx>i)] "I . (A-10) 

A summary of the bias limits (or systematic error) and random errors is given 
in Table A-3 for the effectiveness, heat transfer, and UA for both the high 
and low temperature difference cases. A summary of the total measurement 
error for both cases is given in Table A-4 for each calculated quantity. 

Plots of the heat transfer rate and UA of the hejat exchanger along with their 
uncertainties are shown in Figures A-l(b) and A-l(c), respectively, for the 
low temperature difference case. 

Since our final systematic errors were asymmetrical, we calculated positive 
and negative uncertainties. These results state that the actual effectiveness 
should rarely be beyond these uncertainty limits. It also shows to what 
extent the heat exchanger effectiveness can be measured confidently. Changes 
in heat exchanger effectiveness of 0.10% to 0.23%, which is the random uncer
tainty component of the result, can be measured if the instrumentation is not 
altered (sensors untouched, digital voltmeter [DVM] left on, same environmen
tal conditions, etc.). 

An end-to-end analysis of the measurement system was conducted using two digi
tal quartz thermometer probes as reference temperatures in a stirred ice 
bath. The results were checked against systematic errors determined in the 
pretest analysis. The measurement system showed the response of To • to be 
0.023 K below and T^x to be equal to the digital quartz thermometers near 
the ice point of water. Each sensor had 100 consecutive readings taken to 
determine the random error of the measurement system for that sensor. The 
random error was 2.3 mK for the heat exchanger inlet RTD, 2.2 mK for the heat 
exchanger outlet RTD, and 0.7 mK for the tank thermistor. These results show 
that the errors are well within the expected range of errors. However, the 
end-to-end check includes some built-in systematic errors in the standards 
that could not be determined. The results of the end-to-end check are well 
within the detailed calculations and are a necessary and useful check to show 
that there were not any gross errors in the experiment or uncertainty 
analysis. 

Sensor failure, including severe degradation or catastrophic failure, will 
cause the result to exceed the uncertainty limits. In addition, the measure
ments must be in the proper location. 

Table A-3. Summary of Bias Limits and Random Errors 

High AT Low AT 
Quantity Bias Limit Random Error Bias Limit Random Error 

-0.004, +0.008 ±0.0005 -0.01, +0.02 ±0.001 

±911 ±339 ±291 ±107 

-73, +87 ±26 - 60, +83 ±19 

S=?l * 

q (W) 

UA„ (W/°C) 
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Table A-4. Measurement Uncertainty Summary 
III 
41 

High AT Low AT ™ 
Quantity Value Ug^ 0 ^ Value U ^ U ^ " 

0.968 -0.004, +0.008 -0.005, +.009 0.868 -0.01, +0.02 -0.013, +0.023 

-1.5% to +2.6% 

(W) 25,860 ±1128 ±1576 8,061 ±359 ±501 

±6.2% 

(UA)Hx (W/°C) 1,957 -90, +101 -125, +138 1,395 -71, +91 -98, +121 

-7.0% to +8.6% 

-0.004, +0.008 

-0.4% to +0. 

±1128 

±4.4% 

-90, +101 

-4.6% to +5. 

.8% 

.2% 

-0.005, +.009 

-0.5% to +0.9% 

±1576 

±6.1% 

-125, +138 

-6.4% to +7.1% 

-0.01, +0. 

-1.1% to +2 

±359 

±4.5% 

-71, +91 

-5.1% to 6. 

02 

.3% 

5% 
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This uncertainty analysis was useful in detecting unsteady sensors and chan
nels, increasing confidence in the results, and permitting others to make 
meaningful decisions by knowing the range of possible errors in the data. 

A. 3 References 
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APPENDIX B 

TYPICAL EXPERIMENTAL OUTPUT, ORIGINAL FINNED HEAT 
EXCHANGER, 5 L/min 

Graphs 10 to 24 of Table 4-2 are shown in Figures B-1 through B-13 for all 
the 5-L/min (1.3-gal/min) tests of the original (larger-size) finned heat 
exchanger. These graphs show the results of plotting various performance 
characteristics versus different operating conditions and are for four differ
ent initial tank temperatures. The initial temperature differences are easily 
identified by the right end of each curve. Several items are noteworthy. In 
Figures B-1 and B-2, the calculated effectiveness exceeds 100%. Because of 
the low flow rate, the heat exchanger outlet exceeded the average storage tank 
temperature, which the effectiveness values of these graphs used. The peak 
effectiveness did not occur at the beginning of the test (at the maximum tem
perature difference) but midway through the test, as the tank began to cool 
and the denominator in the effectiveness decreased. However, when the effec
tiveness was based on the temperature at the top of the storage tank, the 
effectiveness never exceeded 100%, as seen in Figures B-9, B-ll, and B-12. 

It is easy to see that although the curves in any one of the plots are simi
lar, they give different effectiveness values for a given temperature differ
ence depending on the initial tank temperature. Certainly, these results are 
of little value. What is needed is one effectiveness per operating point that 
is independent of how that point was reached. 

Similar remarks can be made for graphs 12 to 15, shown in Figures B-3 through 
B-6. At flow rates greater than 5 L/min (1.3 gal/min), the heat transfer rate 
plotted as a function of the difference between the average storage tank tem
perature and the heat exchanger inlet temperature produced results nearly 
independent of the temperature difference, as shown in Figure B-5 as an exam
ple of graph 14. 
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Figures B-7 and B-8 are discussed as part of Figures 4-8 and 4-9. Figure B-13 
shows how the heat exchanger UA was a strong function of the temperature 
difference. 
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Figure B-8. Heat Exchanger C-factor versus LHTD 
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Figure B-9. Heat Exchanger Effectiveness, 
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