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Abstract

The steady and time-dependent behavior of a single-row heat exchanger with

water and air in the in-tube and over-tube sides has been studied experimen-

tally. A wide range of water 
ow rates including laminar and turbulent 
ows

was used. Two methods of steady-state data analysis were employed: a least-

squares power-law technique to obtain both air- and water-side heat transfer

correlations and a neural network technique to model the heat exchanger with-

out use of any correlation. The two methods predict heat exchanger behavior

to essentially the same degree of accuracy. The experimental observations are

quantitatively compared to the predictions of correlations available in the lit-

erature as well as to manufacturer's data. The manufacturer's data do not

exist for extremely low 
ow rates. Furthermore, the experiments show that in

this range, a turbulent 
ow correlation works better than a laminar one, even

though the 
ow is laminar. A simple dynamical model has been developed for

the time-dependent response of the heat exchanger. There are two characteristic

times, one associated with the hydrodynamics and the other with the thermal

processes. The theoretical predictions are found to be in qualitative agreement

with experimental data.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

A heat exchanger coil is a device which provides for transfer of thermal

energy between 
uids at di�erent temperatures. Heat exchanger coils are im-

portant in an extremely wide range of industrial applications, such as in the

areas of process, power, automotive, air conditioning, refrigeration, cryogenics,

heat recovery, and manufacturing industries.

Typically, such coils operate at full load with water-side velocities in the

range of fully developed turbulent 
ow. However, under partial load conditions,

as well as in such coil systems as those employing thermal storage units, tube-

side water velocities can become much lower. Current procedures for predicting

coil performance are suitable for water velocities in fully developed turbulent


ow region but become increasingly inaccurate at lower water velocities (Mirth,

et al., 1993). Engineers involved with installing heating, ventilating, and air-

conditioning (HVAC) systems that require low water velocities in the heat ex-

changer coil have noted that the coil manufacturer's software often overpredicts

1



coil performance.

The main objective of this research project is to determine experimentally

the performance of heating coils at low and very low water 
ow rate, which

cover both laminar and transitional regions. Such data are critically needed

in the hydronics industry to better design hydronic and control systems for

optimumenergy conservation. In addition to generating steady-state data of coil

performance at low Reynolds numbers, another goal of this study is to determine

the coil performance responses to transient or dynamic load conditions. Such

data are completely lacking at the present time.

1.2 Background

Despite the importance of single-row �n-and-tube heat exchangers, very lit-

tle experimental work of general use has been reported. The most extensive

investigation in this area has been that of Shepherd (1956), who tested a total

of 38 di�erent single-row coils. The information is presented in the form of av-

erage air-side transfer coe�cients and transfer rates. These transfer coe�cients

were evaluated without the �n e�ciency being taken into account. In addition,

there is uncertainty in his data reduction procedure. The method used to deter-

mine the air-side heat transfer coe�cients was to measure the overall thermal

resistance and then to extrapolate it for the limit of zero water-side resistance.

A di�erent approach for the calculation of the heat transfer coe�cient was

that used by Saboya and Sparrow (1974). In their work the analogy between

heat and mass transfer was used to obtain local and average transfer coe�cients.

The mass transfer measurements were performed using the naphthalene subli-

2



mation technique. These experiments thus correspond to heat transfer from

isothermal �ns, that is �ns with e�ciency � = 1.

A paper by Rich (1973), analyzed the e�ect of �n spacing on the heat transfer

performance on plate �n-and-tube heat exchangers. In the experiment, the �n

spacing was varied from zero to 21 �ns per inch. In a further paper (Rich, 1975),

the e�ect of number of tube rows was studied. The experiment was made for six

plate �n-and-tube heat exchangers in which the primary physical variable was

the 
ow depth, which varied from one to six rows. The heat transfer coe�cient

was presented using the Colburn j-factor. It is important to mention that the

test coils in the experiments were of all-copper construction, and in the data

reduction, a �xed average value of metal resistance was used provided that it

varies only slightly with the air resistance.

McQuiston (1981) used data from Rich (1975) and from his own experiments

to obtain the �rst correlation for smooth-plate �n and tube coils. He considered

the e�ects of rows, �n pitch, and other geometrical parameters and generalized

a heat transfer correlation useful for dry coils. The heat transfer correlation was

developed in two steps. The �rst step developed a correlation for �nned-tube

geometries having four tube rows

j4 = 0:0014 + 0:2618Re�0:4a

� A
At

�
�0:15

(1.1)

Then a multiplier was considered to account for the e�ect of the number of rows

jN
j4

=
1 � 1280NRea;L

�1:2

1� 5120Rea;L
�1:2 (1.2)

where 500 < Rea < 24700. The range of validity of the geometrical parameters

is not speci�ed, but is logical to think that it is similar to that of Webb (1986)

3



below.

Webb (1986) complemented the data used by McQuiston (1981) with data

for bundles of �nned tubes. He developed his own regression technique to obtain

another correlation for plate �nned-tube heat exchangers with plain �ns. This

new correlation predicts the four row j-factor

j4 = 0:14Re�0:328a

�St
S1

�
�0:502� s

D

�0:0312
(1.3)

and then corrects it for the e�ect of di�erent number of rows

jN
j4

= 0:991[2:24Re�0:092a

�N
4

�
�0:031

]
0:0607(4�N)

(1.4)

where 2400 < Rea < 24700. The range of dimensionless variables for equations

(1.2) and (1.4) are 1.97 < St=D < 2.55; 1.70 < S1=D < 2.58; 0.08 < s=D <

0.64; 1 < N < 8 or more.

The determination of the inner heat transfer coe�cient (water-side) is a

problem which has received little attention in papers related to �n-tube heat

exchangers. In the vast majority of papers related to �n-tube heat exchangers,

simple straight-tube correlations are assumed for the water side circuit, thus

leading to inaccurate results in the determination of the inner heat transfer co-

e�cient, especially at low Reynolds numbers. A recent paper of Mirth et al.

(1993) revealed that cooling coils operating at low water-side Reynolds num-

bers do not perform as predicted by manufacturer's software. Based upon this

observation, they suggested that further research is needed to obtain a suitable

prediction for coils operating at low Reynolds numbers. This need is aggra-

vated because in the laminar 
ow region the inner heat transfer coe�cient is

even more important in the determination of the overall heat transfer coe�cient

4



than for turbulent 
ows.

On the other hand, it should be noted here that, even though much exper-

imental data and correlations are now available in the literature on �n-tube

heat exchangers, these data largely emphasize the air- or gas-side heat transfer

characteristics. In the present study, however, the emphasis is placed on the

water-side heat transfer, particularly on the behavior at low Reynolds number.

Such data, as already mentioned, are currently lacking.

1.3 Present Work

The main phase of this research project covers the experimental study of heat

exchanger coils with low water-
ow rates. For this purpose and for simplicity

we concentrate on single-row heat exchangers as a speci�c example. Chap-

ter 2 gives detail description of the test facility for experimental study of heat

exchanger. This chapter includes a description of the components of the test

facility, ranges of test parameters, calibration of sensors and 
uid bulk tempera-

ture measurement. Chapter 3 presents a data analysis method: the least-squares

power-law method that simultaneously gives both water- and air-side power-law

heat transfer correlations is developed. Also in this chapter, information relat-

ing to the performance of the actual heat exchanger being tested is presented

and compared to that deduced from heat transfer correlations in the literature

and also manufacturer's speci�cations. The drawbacks of previous methods of

data analysis that use extrapolation or the logarithmic mean temperature di�er-

ence are pointed out. De�nitive results on the single-row heat exchanger tested

are presented. Chapter 4 introduces an alternative method of analysis based

5



on the technique of arti�cial neural networks. Though presented here only as

an alternative, this method has certain characteristics that make it very useful

in the analysis of systems about which little or nothing is known a priori. It

is hoped that this technique will become useful in the future especially in the

control of hydronic networks. The results of this method are compared to the

previous least-squares power-law technique. Chapter 5 presents a preliminary

one-dimensional laminar-
ow model to simulate the dynamic response of a heat

exchanger under the condition of a suddenly-imposed pressure drop, and the re-

sults show a qualitative agreement with the experimental data obtained with a

single-row heat exchanger. Chapter 6 is a concluding chapter which summarizes

the principal achievements of this research.

6



CHAPTER 2

TEST FACILITY AND EXPERIMENTS

2.1 Introduction

The intent of this research is to determine the e�ects of reduced water 
ow

rates on the performance of typical �n-tube heat exchangers in a hydronic sys-

tem. The water 
ow varies over a wide range, covering laminar, transitional

and turbulent 
ow regions. The test parameters, mechanical equipment and

electrical equipment have to be chosen to �t within the constraints imposed by

the test facilities. In the following sections, the test facility and its components

will be described in detail.

2.2 Test Facility

The experiments were carried out in a test facility that was speci�cally

designed and constructed for the purpose. A schematic of this facility is shown

in Figure 2.1. This test facility includes a wind tunnel, a heating system, a data

acquisition system, and an electrical control panel. The wind tunnel can supply

a constant velocity air 
ow. A variable-speed indraft blower is used to draw

7



air through the tunnel in which the heat exchanger is mounted. The heating

system can supply hot water with a set temperature for the tested coil. All of

the experimental data are recorded by the data acquisition system. The control

panel is used for control of the blower, heating system and pump.

Photographs of this test system in di�erent views are shown in Figures 2.2{

2.4 respectively. Figure 2.2 shows the control panel and the data acquisition

system in front, with the tunnel behind. Figure 2.3 is a side view which includes

the connections to the coil as well as the blower on the extreme right. Figure

2.4 is a view from the other side showing the honeycomb at the inlet of the

tunnel; the coil can also be observed between the two sections of the tunnel.

2.3 Components of Test System

The test system includes components of the water-side loop, components of

the wind tunnel, an electrical control panel, measuring sensors and the data

acquisition system. The speci�cations of these components are described in the

following subsections.

2.3.1 Components of water-side loop

The components in the water-side loop include:

� Heating coil: The heat exchanger chosen for testing was a nominal 18

in.�24 in. water coil1. The �n spacing of this coil is 2.77 mm (110

�ns/foot) and the �n thickness is 0.18 mm (0.0071 in.). The coil type

is Sigma Flo which may be described as a corrugated shape with high

1Type T, Trane Air Conditioning Division, The Trane Company, La Crosse, WI 54601
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Figure 2.1: Schematic of test facility 1. blower 2. 
ow straightener 3. heating

coil 4. pitot-static tube 5. screen 6. thermocouple 7. di�erential pressure gauge

8. motor 9. electrical heater 10. water pump 11. strainer 12. 
ow meter 13.

valve
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Figure 2.2: Front view of test facility
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Figure 2.3: Side view of test facility

11



Figure 2.4: Back view of test facility
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heat transfer. The speci�ed coil tube has inside and outside diameters of

14.86 mm (0.585 in) and 15.875 mm (0.625 in.), respectively, and makes

12 passes across the heat exchanger's 24 in. dimension. In order to reduce

heat loss to the surroundings, the tube bends and metal casing of the coil

were insulated using 12.7 mm (1/2 in.) thick foam insulation.

� Water pump2: centrifugal pump, horizontally mounted, with a pumping

capacity of 15 � 20gpm.

� Heater: circulation electric heater 3 powered by a 3-phase, 208V, 12KW

nominal power supply was chosen.

� Heater temperature controller: PID controller 4 to maintain a constant

water temperature at the inlet to the heating coil, with a maximumcontrol

band width of 1�C.

� Flow control: the 
ow can be manually controlled using valves.

� Expansion tank: a 2 gallon bladder tank is used to maintain constant

pressure at the pump inlet.

� High temperature cut-out switch.

� Low pressure switch.

� Flow switch: this ensures adequate water 
ow rate.

2W. W. Grainger

3Chromolox

4RKC, Rex F400 controller
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Figure 2.5 is a photograph which shows some of the details of the above compo-

nents for the water-side loop. The vertical cylinder is the heater and the pump

is located near the 
oor.

Figure 2.5: View of water-side loop

2.3.2 Components of wind tunnel

The schematic of the wind tunnel is also shown in Figure 2.1. Its components

are described in the following:

14



� A variable-speed blower5

� Blower controller: an AC inverter, industrial standard controller6 was used

for varying the air velocity across the coil

� Flow straightener: industrial packed straw honeycomb bundle (10 in.) was

used to ensure a uniform air 
ow

2.3.3 Electrical control panel

This panel distributes a maximum of 21KV A of three- and single-phase

electrical power. It contains the electrical distribution network of all electrical

power for the facility and controls for the blower, heater and pump.

2.3.4 Measuring sensors

All of the data in this experiment were measured by the following sensors:

� Flow meter7: a turbine 
ow sensor with a range of 0:2 to 4:5gpm

� Pressure transducer8: a di�erential pressure transducer with a full scale

of 0.1 in. water column

� Thermocouple: Type T

5New York Blower, Acoustafoil PLR

6Reliance, GP2000 A-C VS drive

7Signet, MK 509-2 Micet

8Setra, Model 264
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2.3.5 Data acquisition system

A data acquisition/control unit9 with 30 channels of di�erential analog mul-

tiplexed input with thermocouple compension was selected. It has 51
2
digit out-

put and 1 �V resolution in the low range of 0{300 mV. A LabVIEW program

was written for controlling the data acquisition/control package and carrying

on the conversions and data reduction work.

2.4 Measuring Parameters

The measured parameters and their ranges during test were listed below:

� water inlet temperatures Tw;in: 42.1{65.7�C (107.8�F{150.3�F)

� water outlet temperatures Tw;out: 22.7{60.2�C (72.9�F{140.4�F)

� air inlet temperatures Ta;in: 20.2{25.2�C (68.4�F{77.4�F)

� air outlet temperatures Ta;out: 21.7{45.7�C (71.1�F{114.3�F)

� water 
ow rate Fw: 0.0091{0.284 L/s(0.144{4.51 gpm)

� air 
ow rate Fa: 0.22{0.76 m3=s (428.4{1510.2 cfm)

For each test, the air-side inlet temperature was dependent on the room

temperature. The temperature of the hot water was varied between 42:0�C

(107.6�F) and 66:0�C (150.8�F) and could be controlled to within 1�C (1.8�F).

For a �xed air 
ow rate, the water 
ow rate was changed so that the test can

cover the laminar 
ow region, transitional region and fully developed turbulent

9Hewlett Packard, HP 3421A data acquisition system
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ow region for water-side 
ow. Also for a �xed water 
ow rate, the coil heat

transfer performance was studied with the change of air 
ow rate in a wide range.

For this test program, the air-side 
ow rate changes in a range of 428 cfm �

1510 cfm. The variable range for water-side 
ow rate and inlet temperature are

arranged as shown in Table 2.1.

Table 2.1: Ranges of Experimental Parameters

Tw;in (�C) Fw (gpm) Va (m/s)

43.3 0.16{4.50 0.78, 1.31, 1.90, 2.74

54.4 0.14{4.50 0.78, 1.03, 1.31, 1.61

1.90, 2.19, 2.46, 2.74

65.6 0.16{4.50 0.78, 1.31, 1.90, 2.74

where Va is the air-side velocity based on coil frontal areaAfr (equal to 18in�24in

for the coil used in this experiment) given by

Va =
Fa
Afr

(2.1)

For higher 
ow rate, the water 
ow rate going into the heat exchanger was

measured by the 
ow meter calibrated over a range of 0.032{0.284 L/s (0.5{4.5

gpm). For very low 
ow rate in a range of 0.0091{0.032 L/s (0.144{0.5 gpm),

the water 
ow rate was measured by draining water from the outlet of the

heat exchanger into a graduated cylinder and measuring the water volume in a

certain time period.
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2.5 Calibration

2.5.1 Calibration of thermocouples

The thermocouples used for the experiment were all calibrated before they

were used for the test. The calibration process is described in Figure 2.6. All

thermocouples to be calibrated were immersed in a constant temperature bath.

The temperature in this constant temperature bath can be set to be any value

between �30�C and 100�C. The temperature in the bath was measured by using

a calibrated standard thermometer. All of the thermocouples were connected

into a connection box. This box was well isolated so that the temperature in

the box was uniform. The temperature in this box, T0 was measured using

a thermocouple. The reference temperature was kept at 0�C by using a ice-

point reference cell10. The output from the thermocouple system was measured

by using the data acquisition unit and a Macintosh computer. During the

test, the same system was used for data acquisition and data reduction. For

the temperature range to be measured for this experiment, the thermocouples

were calibrated for the temperature range of 10�C{75�C. During the calibration

process, the temperature in the constant temperature bath can be set. At

steady state, taking the reading of the thermometer in the bath and recording

the voltage output from the thermocouples.

As an example, the calibration curve for the thermocouple 1, which was used

to measure the water-side inlet temperature, is shown in Figure 2.7. It has been

found that the maximummeasuring error (combination of calibrated error and

10TRC III, OMEGA Engineering, Inc.
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precision error) for each thermocouple was less than 0:1�C (0.18�F).

2.5.2 Calibration of 
ow meter

The schematic for the calibration of 
ow meter is shown in Figure 2.8. A

pre-calibrated rotameter was used for measuring the water 
ow rate passing

through the 
ow meter. The water 
ow rate can be adjusted by setting the

value. The calibration results are shown in Figure 2.9.

n1

Computer

Ice Point Cell

A/D

T

Vn

V1

T0

T=0.0C

Constant Temperature Bath

Connection
Box

Thermocouple

Thermometer

Figure 2.6: Schematic of thermocouple calibration

2.5.3 Calibration of wind tunnel

The calibration of the wind tunnel was performed with the coil mounted in

the wind tunnel, using a Pitot-static tube mounted on a traverse, taking mea-

19



0.0 20.0 40.0 60.0 80.0
0

1

2

3

4

experimental data

fitted curve

T( C)

th
er

m
oc

ou
pl

e 
ou

tp
ut

 (
m

v)

Figure 2.7: Calibration result for thermocouple 1
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Figure 2.8: Schematic for calibration of 
ow meter
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Figure 2.11: Wind tunnel calibration result

22



2.6 Temperature Measurement

Calibrated T-type thermocouples with error less than 0:1�C (0.18�F) were

used to measure the temperatures. It was extremely important to ensure that

the temperatures used in the calculations were the bulk temperatures.

2.6.1 Air-side temperature measurement

The air-side inlet temperature was close to the room temperature, which

had uniform distribution. We applied only one thermocouple mounted in the

upstream of the wind tunnel to measure the air-side inlet temperature. While

at the outlet of the air-side, the air temperature distribution was not uniform.

In order to measure the outlet bulk temperature of the air-side, we used �ve

thermocouples, which were located near the entrance of the blower (see Figure

2.1) to measure the air-side outlet temperature. During test, the di�erences

between the temperatures meausred by these �ve thermocouples were not large,

so the average value of these �ve temperatures was used as the mean bulk outlet

temperature for the air-side of the heat exchanger.

2.6.2 Water-side temperature measurement

The water-side inlet and outlet temperatures were measured by single ther-

mocouples. To make sure that these temperatures were close to the bulk tem-

perature, both these measurements were made downstream of well-insulated 90�

bends shown in Figure 2.12.

Mixing at the bends was expected to uniformize the temperature distribution

so that a centerline measurement should be close to the bulk temperature.
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Considerable e�ort was put in to estimate and minimize the error incurred

by assuming the centerline and bulk temperatures to be the same. First, water

temperatures were measured along the centerline moving away from the bend

in the axial direction. Wall temperatures at the locations shown in Figure 2.12

for low and high water 
ow rates were also measured. These are shown in

Tables 2.2 and 2.3. The coldest point on the wall was next to the metal casing

of the heat exchanger due to conduction. At the inlet section, the existence

of the lowest value is also due to conduction along the tube wall in the 
ow

direction. Just after the outlet section, the water temperature is not uniform.

The maximum non-uniformity for the temperature distribution along the tube

inner cross section was measured by locating temperature probes in the same

cross section plane as the thermocouples for measuring tube wall temperatures.

This non-uniformity can be found by examining the temperature values listed

in Tables 2.2 and 2.3, from which one can see that the true bulk temperature

must be between the temperature measured by the probes and that measured

by the tube wall thermocouples.

Table 2.2: Temperature (�C) at inlet region

Water-side 
ow rate (L/s) T1 T2 T3 T4 T5

0.025 54.35 36.33 52.80 53.98 54.05

0.19 54.56 35.00 53.76 54.23 54.32

Using the water-side centerline temperature as the bulk temperature will

lead to some error in the �nal results. The wall and centerline temperatures
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Figure 2.12: Inlet and outlet sections

Table 2.3: Temperature (�C) at outlet region

Water-side 
ow rate (L/s) T6 T7 T8 T9 T10 T11

0.025 35.42 28.83 35.21 35.34 34.21 35.09

0.19 47.72 34.21 47.32 47.52 46.98 47.37
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discussed above provide a range of values within which the bulk temperature

should lie. These temperature bounds were used in the data reduction procedure

to be discussed later to estimate the uncertainty in the output values: it is less

than 5% in the overall heat transfer coe�cient, and less than 5% in the air-

side heat transfer coe�cient. For the water-side heat transfer coe�cient, the

uncertainty changes signi�cantly with 
ow rates. For low 
ow rates, it is always

less than 2% but becomes 12% at the highest water 
ow rate. The upper value

is highly conservative since at high 
ow rates the centerline temperature can

actually be expected to be closer to the bulk temperature. Also at higher water


ow rates, the water-side thermal resistance is much smaller than the air-side

thermal resistance, so that the uncertainty in the overall heat transfer coe�cient

is always low.
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CHAPTER 3

DATA ANALYSIS BY LEAST-SQUARES METHOD

3.1 Introduction

The overall thermal resistance, R(= 1=UAa), between the water and air

is the sum of the water-side thermal resistance, Rw(= 1=hwAw), and the air-

side thermal resistance, Ra(= 1=�haAa), where we have neglected the tube wall

thermal resistance. R can be determined from measurements, but splitting it

into its components Rw and Ra is not easy. One common way is to assume the

heat transfer correlation on the water-side so that the air-side correlation can be

determined. The di�culty here is that no water-side correlation which includes

the e�ect of coil bends is available. The common practice is to use those based

on straight pipes.
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3.2 Background on Data Analysis

3.2.1 Extrapolation method

This method was suggested by Wilson (1915). If the air-side 
ow rate is held

�xed, Ra is constant. The water-side 
ow rate can then be varied to �nd R as

a function of Rw. Extrapolating the result to Rw ! 0, which corresponds to an

in�nite 
ow rate, we get R! Ra. In a similar fashion Rw can be kept constant,

and Ra varied and the Ra ! 0 limit will give R ! Rw. An important study

using this technique was reported by Shepherd (1956) who worked with several

di�erent heat exchangers. The method has the advantage in that the air-side

heat transfer coe�cient can be obtained from experimental data without using

an assumed heat transfer correlation for the water-side. However, it cannot

give the non-dimensional heat transfer coe�cients. This is because the tube

wall temperatures cannot be determined when extrapolating either Rw or Ra to

zero. Another disadvantage of this method is that the results are obtained by

extrapolating from actual data to in�nite 
ow rates. Physical phenomena that

come into play at 
ow rates higher than those actually used in the experiments

are not taken into account.

3.2.2 Log-mean temperature di�erence method

In the heat exchanger literature, it is a general practice that an overall

heat transfer coe�cient, U , is utilized on the basis of the use of a log-mean

temperature di�erence of the two 
uids, regardless of the 
ow con�gurations

of the two 
uids. This practice is applied even in the case of of single-row

coil (Shepherd, 1956) for which the log-mean temperature di�erence has no
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practical meaning, since all tubes in the coil are exposed to the same inlet air.

Consequently, this method must be discarded in dealing with single-row coils.

3.3 Least-Squares Power-Law Method

Because of the di�culties discussed above we propose a di�erent data anal-

ysis procedure. We introduce an overall heat transfer coe�cient, U , de�ned so

that the local heat transfer from the water to the air is given by UAa(Tw�Ta;in).

Then we can derive the equation for U based on cross 
ow model shown in Fig-

ure 3.1.

Tw

wV

∆ x

Di

x=0 x=L

Tw,in

x

Tw,out
Tw+Tw

U

U

Ta,out

Va T∞Ta,in
=

d

Figure 3.1: Schematic model of cross-
ow heat exchanger

Assuming U to be constant over the heat exchanger tube length and applying

energy balance to the water-side, we have

U(Tw � Ta;in)pdx = �wcpw(Vw�D
2
i =4)(�dTw) (3.1)

or

� Updx = �wcpw(Vw
�D2

i

4
)

dTw
Tw � Ta;in

(3.2)
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Integrating equation (3.2) from x = 0 to x = L and applying boundary condi-

tions for Tw, we can get the following expression for U :

U =
�w(�D2

i =4)Vwcpw
Aa

ln
Tw;in � Ta;in
Tw;out � Ta;in

: (3.3)

The total heat transfer rate of the heat exchanger, Q, can be given by

Q = �wVwcpw(Tw;in � Tw;out) (3.4)

= �aVacpa(Ta;out � Ta;in): (3.5)

The total thermal resistance is

1

UAa
=

1

�haAa
+

1

hwAw
(3.6)

where we have neglected the thermal resistance of the tube wall. � is the total

e�ciency of the air-side surface given by

� =
�0Af +At

Aa
(3.7)

where the �n e�ciency �0 is a function of ha. Since � and ha appear together

in equation (3.6), we will determine the product �ha. The present experiments

do not enable � to be experimentally determined. More importantly, it is the

product �ha that is needed to �nd the air-side thermal resistance and in turn

the heat transfer, which is ultimately what the designer is interested in.

The air- and water-side correlations between the Nusselt numbers and the


ow Reynolds numbers are commonly expressed in power-law forms. So it is

reasonable to assume that

�Nua = a1Re
m
a Pr

1=3
a (3.8)

Nuw = b1Re
n
wPr

0:3
w (3.9)
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The water- and air-side Reynolds numbers are de�ned as Rew = DiVw=�w and

Rea = Va�=�a, respectively. Vw is the water-side velocity, and Va is the air-

side face velocity based on the frontal area of the heat exchanger. It should be

pointed out here that Rea has been de�ned in the literature in other ways,

e.g. with the length scale being a hydraulic diameter (Kays and London,

1984), or equal to the tube outer diameter plus two times the collar thickness

(Kayansayan, 1993). The de�nition used here is similar to that of Mirth, et

al., 1993. The Prandtl number exponent for the water-side correlation is taken

from the Dittus-Boelter equation, while the air-side Prandtl number exponent

is from the Colburn analogy (Colburn, 1933).

Using equation (3.6), we obtain

1

UAa
=

�

Aakaa1Pr
1=3
a

Re�ma +
Di

Awkwb1Pr0:3w
Re�nw (3.10)

The properties of water are evaluated at the average of its inlet and outlet

temperatures (Tw;in+Tw;out)=2. The properties of air are at the �lm temperature

[Tw;m + (Ta;in + Ta;out)=2]=2.

The data reduction procedure is as follows. From the raw experimental

data, the overall heat transfer coe�cient U is �rst determined from equation

(3.3) for each test run. The four constants a1, b1, m and n are then found from

all test data and equation (3.10) by a least-squares procedure that minimizes

the deviation from 1=UAa in equation (3.10). The detailed procedures of this

approach and its Fortran code can be found in Appendix-B and Appendix-C,

respectively.
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3.4 Results and Discussion

The water- and air-side velocities were varied in the 0.036{1.64 m/s and 0.78{

2.74 m/s range, respectively. Heat balance tests showed that the maximum

di�erence between the heat given up by the water and the heat acquired by

the air as computed from the measurements was less than 5% for most of the

data used in this paper. For very low water 
ow rates, around 0.0091{0.032

L/s (0.144{0.5 gpm), this di�erence increased but was less than 10%. The

average values of the water-side and air-side heat transfer rates were used for

the calculations of total heat transfer rates of the heat exchanger.

An uncertainty analysis has been carried out on the experimental data. Un-

certainty in heat transfer comes from the propagation of bias errors, in which

the sensor's calibration error, data acquisition error and data reduction error

have been considered, and precision errors which come from the scatter in data

due to multiple measurements. The uncertainty was calculated following the

method described by Kline and McClintock (1953) with 95% con�dence level.

The analysis demonstrates that the maximum uncertainty is 10{18% for the

data at very low water 
ow, and less than 8% for the rest. The detailed proce-

dure for the uncertainty analysis can be found in Appendix-A.

A total of 259 sets of data were chosen for presenting the current results

with combinations of di�erent air velocity, water velocity, and inlet water tem-

perature. From a least-squares power-law analysis of the data, the air- and

water-side heat transfer correlations were obtained.
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3.4.1 Air-side heat transfer

The heat transfer correlation for the air side is

�Nua = 0:074 Re0:59a Pr1=3a for 180 < Rea < 700 (3.11)

From this the air-side e�ciency-heat transfer coe�cient product �ha can be

calculated.

Comparing the present air-side heat transfer correlation with those in the

literature is di�cult. The reason is that we have applied a cross-
ow mathe-

matical model, equation (3.3), to calculate the overall heat transfer coe�cient.

The commonly used method for calculating overall heat transfer coe�cient is

based on the counter-
ow log-mean temperature di�erence to which a correction

factor is applied. This correction factor is not known, though the value of unity

has been suggested for multiple row heat exchangers (Stevens, et al., 1957). For

a single-row heat exchanger it is not clear that the value of unity should apply.

As a rough comparison, however, the exponent of Re in the present air-side heat

transfer correlation (3.11) is 0.59, which can be compared with the value of 0.51

calculated from the correlation of Gray and Webb (1986) for a single-row heat

exchanger with plate �ns. In principle quantitative comparison can be made in

either of the following ways: data from other sources can be processed using

our method, or, based on the present least-squares procedure, our data can be

processed using the incorrect log mean temperature method. Due to absence of

detailed experimental data from other sources, we are left only with the latter

option. Comparison of our data processed in this fashion with the correlation

of McQuiston (1981) is shown in Figure 3.2. The di�erences are small.

We can also process our experimental data using the extrapolation method.
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This is shown in Figure 3.3. There is reasonably good agreement between the

two methods though the extrapolation method always gives lower air-side heat

transfer coe�cients than the least-squares power-law method. Nevertheless, the

disadvantages of the extrapolation method of Wilson discussed previously still

stand.

3.4.2 Water-side heat transfer

The correlation for the water side obtained from experimental data is

Nuw = 0:03 Re0:79w Pr0:3w for 1200 < Rew < 5:3� 104 (3.12)

This correlation can be compared with predictions based on published heat

transfer correlations in a straight pipe. For a speci�c test run we know the air

and water 
ow rates, from which Rea and Rew can be determined. Standard

correlations then provide the heat transfer coe�cient. The total heat transfer

rate is given by equations (3.4) and (3.5).

The following correlations are commonly used for in-tube heat transfer cal-

culations:

(a) Dittus-Boelter (1930):

Nuw = 0:023 Re0:8w Pr0:3w for Rew > 104 (3.13)

(b) Sieder-Tate (1936):

Nuw = 1:86 Re0:33w Pr0:33w

�
Di

l

�0:33  �b
�s

!0:14

for laminar 
ow (3.14)

where �b=�s is the ratio of the 
uid viscosity at 
uid bulk temperature and at

tube wall temperature.
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(c) Gnielinski (1976):

Nuw =
(fw=8)(Rew � 1000)Prw

1 + 12:7(fw=8)1=2(Pr
2=3
w � 1)

for 2; 300 < Rew < 5 � 106 (3.15)

where

fw = (0:79 lnRew � 1:64)�2 (3.16)

(d) Petukhov (1970):

Nuw =
(fw=8)RewPrw

1:07 + 12:7(fw=8)1=2(Pr
2=3
w � 1)

 
�b
�s

!0:25

for 104 < Rew < 5� 106

(3.17)

where fw is again from equation (3.16).

In heat exchanger work, the Dittus-Boelter correlation, equation (3.13), is

recommended by the industry standard (ARI, 1987) for the calculation of water-

side heat transfer for Rew > 3100. Whether it can be used to predict accurate

heat transfer coe�cients for 
ow in a heat exchanger tube has been questioned

by some research workers (Mirth, et al., 1993).

Comparison between our result, equation (3.12), and the above correlations

is shown in Figure 3.4. The Dittus-Boelter (3.13), Gnielinski (3.15), Sieder-Tate

(3.14) and Petukhov (3.17) correlations are shown. The Nuw values are plotted

for a wide range of Rew, sometimes outside the recommended range of validity

of the correlation. The Dittus-Boelter correlation is lower than the other tur-

bulent 
ow correlations. We also notice that for high Reynolds numbers, which

corresponds to fully developed turbulent 
ow, the Nusselt numbers that we have

obtained are not much di�erent from the others since in a highly turbulent 
ow

the e�ect of the bends is relatively unimportant. Our proposed correlation is

closest to the Gnielinski and Petukhov predictions for Rew >10,000. It is some-
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times claimed (Mirth, et al., 1993) that the Gnielinski equation (3.15) is valid

for Rew > 2; 300. However, this is not supported by the present data. At low

Rew also, down to Rew=1200, the Petukhov correlation is reasonably close even

though it was designed for higher values of Rew. This is due to the transverse

mixing e�ect of the secondary 
ow at the bends which leads to a turbulent-like

heat convection. For this reason the Sieder-Tate correlation, which is usually

used for heat transfer calculation in a straight pipe in the laminar regime, con-

sistently predicts a much lower heat transfer rate in the laminar as well as in

the turbulent regime.

100 1000 10000 100000
1
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100

1000

Dittus-Boelter correlation

Gnielinski correlation

Petukhov correlation

Sieder-Tate correlation

present correlation

N
u

w

Rew

Figure 3.4: Water-side heat transfer correlation, compared to straight tube

correlations
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3.4.3 E�ect of bends on water-side heat transfer

Centrifugal forces in a tube bend lead to a secondary 
ow consisting of a

pair of symmetric counter-rotating vortices in a cross section normal to the

main 
ow direction. The secondary 
ow can signi�cantly enhance heat transfer

in the bend region. Though in our experiments the bends were insulated, the

secondary motion persists well into the straight section following the bend.

Extensive literature exists for the related problem of helically coiled tubes (see

the review by Shah and Joshi, 1987). There is also some work on 
ow and

heat transfer in a straight tube following a bend. Cheng and Yuen (1987)

applied 
ow visualization techniques to observe the evolution of secondary 
ow

and its decay in a straight pipe downstream from a 180� bend. Heat transfer

experiments have been done by many researchers. Ede (1966) measured the

temperature distribution in a straight tube downstream from a 180 degree bend,

but did not calculate local heat transfer coe�cients. Lis and Thelwell (1963-

1964), Tailby and Staddon (1970) and Moshfeghian and Bell (1979) provided

local heat transfer correlations for turbulent 
ow.

In the turbulent region, all of the experimental data that are in the above

papers are correlated for local heat transfer, while our heat transfer correlation

is for the average value. Also for our case, the water was being cooled inside

the bend tube. The only similar results are those of Tailby and Staddon (1970),

which were developed for a 
uid being cooled. For purposes of comparison, we

integrated this local heat transfer correlation from the end of one bend to the
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start of the next, to get the following average Nusselt number correlation

Nuw = 0:0987(
Di

Ls
)Re0:82w Pr0:4w (

Rc

Di
)0:85[(1 +

Ls

�Rc
)0:96 � 1] (3.18)

Another turbulent 
ow local heat transfer correlation is that of Moshfeghian

and Bell (1979), which was developed for the case of 
uid being heated. The

following average heat transfer correlation can be obtained

Nuw = 0:0931(
Di

Ls
)Re0:825w Pr0:4w (

�b
�s
)0:14(

Rc

Di
)0:884[(1 +

Ls

�Rc
)0:884 � 1] (3.19)

Laminar 
ow correlations have been provided only by Moshfeghian and Bell

(1979). Unfortunately, their correlation, as written, is not consistent with the

experimental data they show, and hence will not be used here. For purposes of

comparison we have shown in Figure 3.5 the Nusselt number in a helical coil.

A widely used laminar 
ow correlation is that of Kalb and Seader (1974) given

by

Nuw = 0:836De0:5Pr0:1w for Re(Di=2Rc)
1=2 > 80; 0:7 < Prw < 5:0 (3.20)

This is merely an upper bound if we remember that in the straight part of the

heat exchanger where heat transfer actually occurs, the secondary motion is

decaying.

The results of the comparison are shown in Figure 3.5. It can be seen

from this �gure that the heat transfer coe�cient of the 
ow in bends is always

larger than 
ow in a straight tube downstream from a U-bend, due to the

decay of secondary 
ow in straight tube. For turbulent and transitional 
ow,

the Moshfeghian and Bell correlation (equation 3.19) gives higher heat transfer

coe�cients than the current correlation, while equation (3.18) gives much higher

(about 20%) heat transfer values.
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3.4.4 Overall heat transfer

The quality of the least-squares power-law correlation with respect to mea-

sured data can be judged from Figure 3.6 which shows (UAa)�1 computed both

from equations (3.11) and (3.12), and from experiments. The maximum varia-

tion between measurements and correlations is 10%.

Figures 3.7 and 3.8 show Q as a function of Rew for two di�erent air 
ow

rates. The predicted values are obtained from correlations (3.11) and (3.12)

by using a discretization method similar to that of Mirth, et al. (1993). Data

from actual measurements are also shown along with the values computed from

the manufacturer's catalog which are only for Rew > 5; 000. There is good

agreement between the three sets of values. Similar results are obtained for

other air 
ow rates. The experiments were carried out for a wide range of water-

side Reynolds numbers, including both turbulent and laminar regimes, but only

the data for Rew < 20; 000 are shown in the �gures. The smoothness of the Q{

Rew curve without jump or hysteresis at transition is signi�cantly di�erent from

that in a straight pipe. The bends appear to introduce enough secondary 
ow

for the nature of laminar to turbulent transition to be qualitatively a�ected.

3.5 Conclusions

A single-row heat exchanger was tested with hot water in the in-tube side

and air 
ow over. By assuming power-law forms of the Nusselt-Reynolds num-

ber relation, best-�t correlations for both air- and water-sides could be obtained.

Based on our de�nition for U (equation (3.3)), the Nusselt number{Reynolds

number correlations that resulted from this procedure are represented by equa-
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tions (3.11) and (3.12). The water-side correlation is closest to the correlation

of Petukhov (3.17). The results also show the strong in
uence of the heat ex-

changer bends in laminar and transition heat transfer. Straight-pipe laminar


ow heat transfer correlations are found to be inapplicable due to the presence

of secondary 
ows.
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CHAPTER 4

DATA ANALYSIS BY NEURAL NETWORK

METHOD

4.1 Introduction

Arti�cial neural networks have been been developed in recent years and used

in many application areas. Its most attractive advantage is that it allows model-

ing of a non-linear complex system without requiring knowledge of any explicit

functional relationship that may exist between the input and output variables of

the system. Theoretically it has been shown that a continuous neural network

with two hidden layers can approximate any continuous function by using any

�xed, continuous, sigmoidal non-linearity (Cybenko, 1989). The neural network

technique has been successfully used in many research and industrial environ-

ments, such as in object/pattern recognition, image labeling, non-linear control,

optimization, etc. (Lisboa, 1992). The importance of neural networks and their

applications has been widely recognized. In 1988, ANNIE (Application of Neu-

ral Network for Industry in Europe) was established in Europe to investigate

the performance of neural networks in industrial applications, and to compare
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with conventional approaches. The work done by ANNIE can be found in its

research report (Croall and Mason, 1991). The importance of neural networks

has also been realized by many researchers in the area of mechanical engineer-

ing. It has been used to simulate a highly non-linear system or the chaotic

dynamics of 
uid 
ow such as the Lorenz system (Fan, et al., 1993, Welstead,

1992). The neural network technique has been used for the control of transition

of 
ow from laminar to turbulent states (Fan, et al., 1993). For more compli-

cated 
ows, neural networks have been successfully used for real-time prediction

and control of 3-D unsteady separated 
ows (Faller, et al., 1994), and even for

the control of turbulent 
ow and drag reduction (Jacob and Reynolds, 1993).

In the chemical area, neural networks have been successfully used to model and

control chemical systems with non-linear characteristics (Bhat, et al., 1992).

Experimental investigations are very important in heat transfer studies. In

many of these, one expects to reduce experimental data into one or more com-

pact equations or correlations. Based on theoretical analyses or semi-empirical

knowledge, the forms of the equations are usually assumed and certain free con-

stants are then determined from experimental data. A least-squares regression

approach, or partial least-squares regression approach, (Geladi and Kowalski,

1986) can be used for the determination of these constants as in the previous

chapter. We present here the neural network method as a viable alternative

in which no relation between the quantities being correlated need be assumed.

Thibault and Grandjean (1991) were the �rst to apply the method to a heat

transfer problem. A simple thermocouple lookup table problem and two much

more complicated problems with non-dimensional heat transfer coe�cients were
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presented for the correlation of heat transfer data using neural networks. In

Lombardi, et al. (1994), the neural network method was applied to correlate

experimental data for two-phase pressure drops in horizontal ducts.

The experimental study of heat exchangers falls within the category of heat

transfer experiments described above. There is one 
uid medium (e.g. water)


owing within the tube of the heat exchanger, and another one (e.g. air) passing

over the �ns of the heat exchanger. The heat transfer characteristics of the heat

exchanger are commonly expressed through heat transfer correlations for either

side. The main disadvantage of the correlation method is that the heat transfer

correlations strongly depend on the de�nitions of heat transfer coe�cient and

the temperature di�erence. Also this method has a disadvantage for the appli-

cation in that an iterative method is inevitable when applying the correlations

to a speci�c design problem due to the coupling between the results (such as

the 
uid temperature) and the parameters used to obtain them (such as the


uid properties). All of these disadvantages can be overcome by using neural

network method through inputting data directly into a trained neural network

to get the desired output from the network without involving the de�nitions of

heat transfer coe�cient or appropriate temperature di�erence. This advantage

of neural networks can be seen clearly in the following sections.

The objective of this chapter is to apply a neural network technique to model

the heat transfer performance of a heat exchanger by training a neural network

with experimentally obtained training data. The trained neural network will

then be used to predict the behavior of the heat exchanger. Finally the pre-

dicted results will be compared with new experimental data. Comparison of
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the performance of the neural network and least-squares power-law methods of

Chapter 3 is also carried out.

4.2 Background on Neural Networks

A neural network, as its name implies, uses con�gurations like those found

in the human brain to mimic the non-linear relation between its input and

output. Figure 4.1 illustrates a typical network con�guration. There are two

types of elements in a neural network: nodes and their connections. The node,

sometimes called a processing element or neuron, is the basic processor of a

neural network. There is a real number associated with each connection, which

is called the weight of the connection. Typically the nodes of a network are

grouped together into clumps called layers. The network shown has three layers:

an input layer, an output layer, and one hidden layer. Note that each node from

the input layer is connected to all of the nodes of the hidden layer. The same is

true between the hidden and output layers. Such a connection scheme is called

a fully connected network scheme. Note that the nodes in the same layer are

not connected to each other for the case shown in this �gure.

A typical simulation of a node is illustrated in Figure 4.2. For each node,

there is an activation associated with it. In this �gure, the activation sj of node

j is determined by multiplying all inputs (including a bias), which are connected

to this node, by weights and taking their sum as

sj =
nX
i=1

xiwij (4.1)

The output of the node is the result of a transfer function on the activation.
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Usually, transfer functions are non-linear threshold functions, which are con�ned

to the range (0,1). A commonly used threshold transfer function in neural

network is a sigmoid function (This function and its derivative are shown in

Figure 4.3).

yj = f(sj) =
1

1 + e�sj
(4.2)

This highly nonlinear function determines the highly non-linear property of the

neural network. There is a bias unit associated with the node, which determines

the spontaneous activity of the node. The bias unit has a constant output of 1.

The use of a bias unit for each node can improve the convergence property of

a neural network during the training process (Dayho�, 1990). For the nodes in

the input layer, they do not perform the weighted sum on their inputs. Each

node in the input layer takes the value directly from the input data.

By varying the weights of the di�erent connections, an output can be made to

follow a certain input relationship. In other words, the network can be trained to

model a non-linear relation between multiple inputs and outputs. The changing

of the weights is achieved through a supervised learning process. The input is

propagated through the network and the calculated output is compared with

the actual output, which is called the target output of the neural network. The

error between the desired outputs and the target outputs are measured. Usually,

a neural network uses a back propagation algorithm to adjust the weights of the

connections. This process is done iteratively until the error is within a certain

tolerance.

By comparing the outputs from the output layer of a neural network with

the target output, the network adjusts connection weights in the following way
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Figure 4.1: Con�guration of a simple neural network
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Figure 4.2: Typical model of a single node
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Figure 4.3: Sigmoid function and its derivative

(Dayho�, 1990)

�wij = �xi�j (4.3)

where � is called the training rate, �j is the error value. For the output layer, �j

can be determined as (Dayho�, 1990)

�j = (tj � yj)f
0(sj) (4.4)

where f 0(sj) is the derivative of the sigmoid function (as shown in Figure 4.3).

If node j is in a hidden layer, the error value is computed as (Dayho�, 1990)

�j =
hX

wjk�k
i
f 0(sj) (4.5)

where the sum is taken of the � values of all nodes that receive output from

node j.
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The drawbacks of the back propagation algorithm appear to be the long

convergence time and the fact that it can easily get stuck to a local minimum.

Improvement of convergence speed can be realized by varying the learning rate

dynamically or by using \momentum" terms (Lippman, 1987). Di�erent meth-

ods have been developed (Dayho�, 1991) which include changing the network,

rearranging training data, and adding random noise to the weights to allow a

back propagation network to escape from a local minimumto a global minimum.

For more details about the neural network and its application, one is referred

to the the book by Nelson, et al. (1991).

4.3 Neural Network Method

The neural network con�guration used for the analysis of the heat exchanger

data is shown in Figure 4.4. There are three layers in this con�guration, the left

layer is the input one, and the right layer is the output. There is only one hidden

layer in this network. In a somewhat arbitrary way, 10 nodes were chosen for

the hidden layer, while the number of nodes of the input and output layers can

be determined from the physical properties of the problem to be solved. For

the heat exchanger problem at hand, four independent parameters were fed to

the input layer of the network: water-side 
ow rate Fw, air-side 
ow rate Fa,

water-side inlet temperature Tw;in, and air-side inlet temperature Ta;in. The

output layer of the neural network contains three parameters: the total heat

transfer rate of the heat exchanger Q, the water-side temperature drop �Tw,

and air-side temperature increase �Ta, which are de�ned as

�Tw = Tw;in � Tw;out (4.6)
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�Ta = Ta;out � Ta;in (4.7)

Q

T∆ w

T∆ a

Fa

Fw
Ta,in

Tw,in

Figure 4.4: Neural network con�guration used for modelling heat exchanger

A total of 259 sets of experimental data were applied to train this neural

network. For the comparison to be fair, these data were exactly the same as the

data used to obtain heat transfer correlations through the least-squares power-

law methods. Three di�erent water-side inlet temperatures were set for the

experimental test. For each water-side inlet temperature, the varying ranges

of water 
ow rates are listed in Table 2.1. For each �xed water 
ow rate, the

air-side velocity Va was also varied as shown in Table 2.1. The inlet air-side

temperature was the ambient temperature, which varied from 20:0�C to 24:0�C

during the time these data were being obtained.

4.4 Training Resluts of Neural Network

The neural network software used in this project was a program called NETS,

developed by the Software Technology Branch of NASA's Johnson Space Center
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(Ba�es, et al., 1991). The manual for NETS is extensive so that every possible

use of the program is discussed. More details about how to use NETS software

can be found in the report of Voglewede (1993). One important aspect of the

training process of a neural network is that changing the learning rate dynami-

cally can accelerate the convergence of training. Experience demonstrates that

giving a larger learning rate at the beginning of learning and then decreasing the

learning rate as the training iteration increased can be conducive to obtaining

a well-trained neural network.

The training of the neural network was terminated when the maximum rel-

ative error between the output of the network and the target output was less

than 12%. Note that all of the input/output pairs were scaled in the range of

0:15 � 0:85 for training. A typical training error vs. learning cycle number is

shown in Figure 4.5, where the maximum error is that between the network

output and the target output. The rms error is the root mean square of the

sum of the error at each output node.

The performance of the neural network in the process of correlating exper-

imental data can be evaluated by comparing the outputs of the network with

the actual training data. As an example, Figure 4.6 shows the total heat trans-

fer rate of the heat exchanger vs. the variation of water-side Reynolds number

for the water-side inlet temperature Tw;in � 54:4�C. In this �gure, the correla-

tions of (3.11) and (3.12) have also been used. The predicted values using the

trained neural network and the correlations is shown in the �gure. In Figure

4.6, four sets of experimental curves are plotted corresponding respectively to

four di�erent air-side velocities. It is found that the trained neural network can
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predict the heat transfer to the same accuracy as correlations obtained through

the least-squares method. The errors in prediction for the neural network are

less than 6% for most of the data points, and less than 12% for all of the points.

On the other hand the least-squares correlation can predict heat transfer rates

with a 10% error compared to experimental data.

A similar result was obtained for the prediction of the air-side temperature

drop and the water-side temperature increase, which are shown in Figures 4.7{

4.8 for the case of Tw;in � 54:4�C. Again we can see that, compared to heat

transfer correlations, the neural network can predict the temperature changes to

the same accuracy for both water- and air-sides. For the cases of Tw;in � 43:3�C

and Tw;in � 65:6�C, similar results can be found, which will not be shown here.

4.5 Prediction Results of Neural Network

Once the neural network has been trained, it is expected that it can be

used to predict the behavior of the heat exchanger under conditions that had

not been used for training. A total of new 90 sets of experimental data were

obtained for this purpose. These experimental data were obtained at two new

water-side inlet temperatures. For each water 
ow rate, three air-side velocities

were used. Additional details about the parameters are shown in Table 4.1.

The predictions of the trained neural network can be evaluated by propa-

gating sets of test data through the network and comparing the outputs with

the actual measurements. In our case, only the following parameters need to be

inputted: water-side 
ow rate Fw, water-side inlet temperature Tw;in, air-side


ow rate Fa, and air-side inlet temperature Ta;in. The outputs from the neural
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Figure 4.7: Air temperature increase via water Reynolds number, Tw;in �

54:4�C, data were used for obtaining correlations and training neural network
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Figure 4.8: Water temperature drop via water Reynolds number, Tw;in �

54:4�C, data were used for obtaining correlations and training neural network
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Table 4.1: Testing Data

Tw;in (
�C) Fw (gpm) Va (m/s)

48.9 0.17{4.50 1.03, 1.61, 2.19

60.0 0.15{4.50 1.03, 1.61, 2.19

network give the following predictions: heat transfer rate Q, water-side temper-

ature drop �Tw, and air-side temperature increase �Ta. For comparison, the

power-law correlations have also been used to predict the thermal behavior of

the heat exchanger for the same new data.

The results of the comparison are shown in Figure 4.9{4.14. From these

�gures, one �nds that in the whole range of water-side Reynolds numbers, the

neural network predicts the total heat transfer rates, water-side and air-side

temperature changes to the same accuracy as the power-law correlations. Com-

pared to experimental data, the prediction errors are less than 6% for most of

the data and less than 12% for some data.
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Figure 4.9: Air temperature increase via water Reynolds number, Tw;in �

48:9�C, new data are used here for comparison
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Figure 4.10: Air temperature increase via water Reynolds number, Tw;in �

60:0�C, new data are used here for comparison
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Figure 4.11: Water temperature drop via water Reynolds number, Tw;in �

48:9�C, new data are used here for comparison
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Figure 4.12: Water temperature drop via water Reynolds number, Tw;in �
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Figure 4.13: Heat transfer rates via water Reynolds number, Tw;in � 48:9�C,

new data are used here for comparison
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Figure 4.14: Heat transfer rates via water Reynolds number, Tw;in � 60:0�C,

new data are used here for comparison
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4.6 Conclusions

The results in this chapter show that the neural network technique can be

used to model the heat transfer performance of heat exchanger accurately with

the added advantage that no functional relationship has to be assumed as for

a correlation. A neural network once trained can be described uniquely by

sets of connection weights. Our results demonstrate that a well-trained neural

network predicts new heat transfer behavior with the same accuracy as conven-

tional correlation approaches do. The main advantage of the neural network

technique for modeling heat exchanger is that it can get desired output directly

from a trained network without involving in the de�nitions of heat transfer co-

e�cient and appropriate temperature di�erence. It can be anticipated that in

the future, for the convenience of heat exchanger design, di�erent type of heat

exchangers will be described by di�erent kinds of trained neural network. One

can also foresee trained neural networks that can be used in a straightforward

manner for the control and optimization of thermal/hydraulic system. Neural

network techniques thus provide viable alternative approach for the study of

heat exchangers.
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CHAPTER 5

DYNAMICAL MODELING OF HEAT

EXCHANGERS

5.1 Introduction

The time-dependent dynamics of a heat exchanger are very important for

its control, especially in a hydronics network. In this chapter, we develop a the-

oretical model to simulate the thermal dynamical process of a heat exchanger.

We have also carried out experiments, and the two results are compared. Qual-

itative agreement has been obtained though there are quantitative di�erence

due to simpli�cations in the theoretical model.

5.2 Theoretical Model

We consider a single-row heat exchanger corresponding to that tested in

earlier chapters for dynamical response at low water 
ow rates. The time-

dependent thermal response of this heat exchanger can be described by using a

cross 
ow model schematically shown in Figure 3.1.

The air-side inlet temperature T1 and velocity Va are kept constant. Ini-
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tially, a water-side upstream valve is completely closed so that the water down-

stream of the valve is static, and is at an initial temperature Tw;0. The water

upstream of the valve has a constant temperature Tw;in, which is higher than

Tw;0. At t = 0, the valve in the water line is opened. The water begins to

accelerate through the tube as a result of an imposed pressure di�erence �P

which provides the driving force for the motion of the water.

We will make a one-dimensional assumption and take the temperature and

velocity pro�le across the cross-sectional area of the tube to be 
at. For the

moment we also neglect the thermal inertia of the tube and �n. Furthermore,

the overall heat transfer coe�cient, U , is taken to be constant. Under these

conditions, a water-side energy balance gives

@Tw
@t

+ Vw(t)
@Tw
@x

= ��(Tw � T1) (5.1)

The coe�cient � is de�ned by

� =
Up

��wcwD2
i =4

(5.2)

where p = Aa=L is the air-side average perimeter based on total air-side heat

transfer area Aa

The boundary and initial conditions can be speci�ed as

Twjx=0 = Tw;in; Twjt=0 = Tw;0 (5.3)

In order to solve equations (5.1) and (5.3), we need to know Vw(t). Based

on momentum considerations, we have

�P
�D2

i

4
= [�w

�D2
i

4
L]
dVw
dt

+ �0(�DiL) (5.4)
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where �0 is the shear stress inside the tube wall. For laminar 
ow in a circular

pipe

�0 =
8�

Di
Vw (5.5)

Combining equations (5.4) and (5.5), and taking �P to be a constant, we

obtain

Vw = Vw;0(1� e�t=��) (5.6)

where Vw;0 is the steady velocity that is obtained as t!1, and �� is a hydro-

dynamic time constant de�ned by

�� =
�wD

2
i

32�w
(5.7)

From equations (5.1), (5.3) and (5.6), we �nd that

Tw = T1 + (Tw;0 � T1)e
��t for x > x0(t)� ��Vw;0 (5.8)

Tw = T1 + (Tw;in � T1)f [x� x0(t)]e
��t for x < x0(t)� ��Vw;0 (5.9)

where

f [�x0(t)] = e�t (5.10)

and x0(t) is de�ned by

x0(t) = Vw;0t+ ��Vw;0e
�t=�� (5.11)

The total heat transfer rate of the heat exchanger can be determined from

the water-side heat loss. Thus

Q(t) =
Z L

0
UP (Tw � T1)dx (5.12)

which gives

Q(t) = UP (Tw;in � T1)e
��t

Z L

0
f [x� x0(t)]dx; for t > t� (5.13)
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and

Q(t) = UP (Tw;0 � T1)e
��t[L� x0(t) + ��Vw;0]

+ UP (Tw;in � T1)e
��t

Z x0(t)���Vw;0

0
f [x� x0(t)]dx; for t < t�(5.14)

t� is the solution of

L = Vw;0t+ ��Vw;0(e
�t=�� � 1) (5.15)

The air-side outlet temperature can be determined from a balance between

the air-side heat gain and the water-side heat loss. We can neglect the air-side

thermal inertia since the density and speci�c heat of air are small. Thus, we

have

Ta;out = T1 +
Q(t)

�acaFa
(5.16)

where Fa is the air-side 
ow rate.

5.3 Experiments

Laboratory experiments have also been performed to obtain dynamical re-

sponse data for the heat exchanger. Tests were carried out with the air-side

face velocity kept at a constant value of 1.03 m/s, and the water-side inlet tem-

perature at 48:9�C. Before each test, the water-side 
ow rate was made zero by

closing the upstream valve. After a while the initial temperature distribution of

the water was uniform everywhere and equal to the air-side inlet temperature

T1. The upstream valve was then suddenly opened and the time history of the

air-side outlet temperature recorded.

The �nal steady-state water-side 
ow rate could be adjusted by opening the

valve to a desired position. On reaching steady state this 
ow rate was measured
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by the 
ow meter. Three di�erent steady water-side 
ow rates have been used

for the dynamical measurements.

5.4 Results and Discussion

Comparison between the theoretical predictions and experimental data for

the air-side outlet temperature are shown in Figures 5.1{5.3. The steady-state

water 
ow rates, Fw, and the non-dimensional temperature for the air-side have

been shown, where the non-dimensional temperature is de�ned as

�a =
Ta;out � T1
Ta;s � T1

(5.17)

where Ta;s is the steady air-side outlet temperature that is reached when t!1.

It is seen from these �gures that the theoretical predictions have trends

qualitatively similar to those of the experiments. This implies that the relatively

simple theoretical model captures some of the important physical characteristics

of the process. Quantitatively, however, there is still some di�erence between

the two results. The model always shows a much faster dynamical response

than the experiment data. It is believed that the main reason for this is the

neglect of the thermal inertia of the tube and �ns in the model. The large mass

of the metal would slow down the response considerably and bring it into closer

agreement with observations.

The variation of water-side outlet temperature with time is shown in Figure

5.4. A non-dimensional temperature de�ned by

�w =
Tw;out � Tw;0
Tw;s � Tw;0

(5.18)
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has been used for water-side, where Tw;s is the steady water-side outlet temper-

ature. No experimental data have been obtained for this temperature.

All the previous results have been obtained by setting the water-side initial

temperature Tw;0 equal to the air-side inlet temperature T1. It is interesting to

see what happens if these two temperatures are not equal. Figure 5.5 shows the

variation of air-side outlet temperature with time predicted by the model for

the case of Tw;0 � T1 = 10�C. It is found that the air-side outlet temperature

decreases �rst to a minimum before increasing continuously to a steady value.
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Figure 5.1: Variation of air-side outlet temperature with time, Fw = 0:39 gpm,

Tw;0 = T1
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Figure 5.2: Variation of air-side outlet temperature with time, Fw = 0:44 gpm,

Tw;0 = T1
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Figure 5.3: Variation of air-side outlet temperature with time, Fw = 0:66 gpm,

Tw;0 = T1
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Figure 5.4: Variation of water-side outlet temperature with time, Tw;0 = T1
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Figure 5.5: Air-side outlet temperature variation with time, Tw;0 � T1 = 10�C
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5.5 Conclusions

A simple theoretical model has been presented in this chapter for simulating

the dynamical response of a heat exchanger. The predictions of the model have

been compared with experimental data. The comparison shows that this simple

model can catch same of the physical features of the time-dependent behavior of

the heat exchanger. Quantitatively, however, there is some di�erence between

the predictions of the model and experimental results. This is perhaps due to

the thermal inertia of the tube and �ns which has been neglected.

It is important to note the time scale of the heat exchanger response. The

particular heat exchanger tested responds in about a minute or so. This value

should be quite typical. The issue is important, not so much for itself, but in

the context of control of outlet temperatures. It is fairly complicated when a

network is involved, as the di�erent branches as well as the di�erent components

may have di�erent speeds of response. The purpose of the modeling is not so

much to understand heat exchanger behavior, but to be able to have dynamically

tested model equations that can eventually be used to simulate and control a

hydronic network.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Chapters 2 through 5 of this thesis describe di�erent aspects of the research

project on the hydronics of low-
ow coils. Speci�cally we have concentrated on

the single-row heat exchanger as a simple example. Here we summarize some

of the most signi�cant items that have been learned so far:

1. A least-squares power-law method has been developed for the reduction

of experimental data to heat transfer correlations on both the water- and

air-sides.

2. Another method based on arti�cial neural networks, that may have some

advantages in some applications, is also developed.

3. The logarithmic mean temperature di�erence method that is sometimes

used is found to be de�cient for the single-row coil. An alternative based

on �rst principles is o�ered.
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4. Suitable heat transfer correlations on the water- and air-sides for the spe-

ci�c heat exchanger tested have been determined. It is found that the

secondary 
ow induced by the bends strongly in
uences the over all heat

transfer.

5. A preliminary analysis of the dynamic response of a heat exchanger to a

suddenly-imposed pressure drop under laminar 
ow conditions has been

carried out, and the results show a qualitative agreement with the exper-

imental data for a single-row �n-tube heat exchanger. The quantitative

discrepancy of the two results appears to be due to the neglect of the

thermal inertia of the �ns and tubes in the model.

6.2 Recommendations

1. Di�erent heat exchangers should be chosen for heat transfer test at low


ow rates so that the e�ects of �n spacing, number of tube rows, �n pitch,

bend dimension and other geometrical parameters can be concerned.

2. Based on the experimental data of di�erent heat exchangers, general heat

transfer correlations at low 
ow rates for both water-side and air-side

should be correlated, in which the above geometrical e�ects should be

taken into account.

3. The bend e�ect on heat transfer in a straight pipe downstream the bend for

laminar 
ow should be examined in detail based on numerical simulation.

4. More sophisticated dynamical models should be applied to simulate the

dynamical response of heat exchangers.
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APPENDIX-A: UNCERTAINTY ANALYSIS

.1 Error Sources

Based on water-side's heat loss, the total heat transfer rate, Q, from the heat

exchanger can be determined experimentally through measuring water 
ow rate

Fw, water inlet temperature Tw;in and water outlet temperature Tw;out and using

equation (3.4):

Q = �wFwcpw(Tw;in � Tw;out) (.1)

Examining the above equation, one can �nd that the error sources for the

heat transfer result come from the measurements of water-side temperatures

and water 
ow rate. Usually, experimental errors can be grouped into two very

general categories: precision error and bias error. Precision error comes from

the scatter of data in multiple measurements. It can be determined through

statistical analysis of the data from the multiple measurement. Unlike the

precision error, the bias error comes from the following sources:

� calibration error

� data acquisition error

� data reduction error

For the problem concerned here, the error sources and uncertainty analysis


ow chart is shown in Figure .1.
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Figure .1: Schematic of uncertainty analysis
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.2 Data Reduction and Uncertainty Analysis

.2.1 Curve �tting

Curve �tting is a data processing procedure in which the basic concepts of

propagation of errors or statistical analysis can be applied in order to estimate

the required uncertainty information. We only consider the least square curve

�t here which will be used to quantify a linear relationship between X and Y

and provide the slope, m, and intercept, a, for the expression:

Y = mX + a (.2)

For linear polynomials �t, the following expressions can be used for the

calculation of m and a (Batill, 1994)

m =
N
PN

i=1XiYi �PN
i=1Xi

PN
i=1 Yi

N
PN

i=1X
2
i � [

PN
i=1Xi]2

(.3)

a =

PN
i=1X

2
i

PN
i=1 Yi �

PN
i=1(XiYi)

PN
i=1Xi

N
PN

i=1X
2
i � [

PN
i=1Xi]2

(.4)

A correlation coe�cient, 
, can be de�ned by (Figliola and Beasley, 1991)


 =

s
1 � SYi

SY
(.5)

where SYi is the precision index for the dependent variable, which can be ex-

pressed as

SYi =
hPN

i=1(Yi � a�mXi)2

N � 2

i1
2 (.6)

and SY is de�ned as

S2
Y =

1

N � 1

NX
i=1

(Yi � Y )2 (.7)

The correlation coe�cient represents a quantitative measure of the linear asso-

ciation between X and Y .
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The estimates of the precision indices for a and m can be given by

Sa =
h NX
i=1

(
@a

@Yi
SYi)

2
i1
2Sm =

h NX
i=1

(
@m

@Yi
SYi)

2
i1
2 (.8)

Once the two estimates of the precision limits for the parameters a and

m have been determined, these parameters are `frozen' until the next time a

calibration is conducted. They become bias errors.

.2.2 Bias errors due to calibration

In the case of calibration experiment, the independent variable, x, is usually

the value of the working standard and is often expressed as a quantity in engi-

neering units. The dependent variable, y, is the sensor output often expressed

as volts. When the calibration experiment is complete, the curve �t performed

and the uncertainties computed, the instrument is now used in a measurement.

When this occurs, we have the following expression,

XM = A+MY (.9)

where XM is the measured parameter in engineering units corresponding to the

voltage Y . The slope and intercept for this reciprocal relation are

A = � a

m
M =

1

m
(.10)

Since A and M are the results of computations using the values of a and m,

one can estimate the precision index for A and M from the precision index for

a and m by using the expressions

SA =
h
(
@A

@a
Sa)

2 + (
@A

@m
Sm)

2
i 1
2 (.11)
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SM =
h
(
@M

@a
Sa)

2 + (
@M

@m
Sm)

2
i 1
2 (.12)

Evaluating these two expression yields

SA =
h
(
Sa
m
)2 + (

a

m2
Sm)

2
i 1
2 (.13)

and

SM =
Sm
m2

(.14)

Then in the process of using the calibration constants to evaluate the \mea-

sured" parameter XM , the precision limit from the \curve �t" is \frozen" as

a bias limit since A and M are �xed parameters. Combining with other bias

sources, the bias limits in A and M can be computed by addition in quadrature

BA =
h
(Bcurve fit)

2 + (BWS)
2 + (Bother)

2
i1
2BM =

h
(Bcurve fit)

2 + (Bother)
2
i 1
2

(.15)

The above equations are based on the assumption that the biases in the

curve-�tting and calibration process are uncorrelated.

Then the bias in XM due to the propagation of bias from A, M and Y can

be determined by

BXM
=
h
(
@XM

@A
BA)

2 + (
@XM

@M
BM )2 + (

@XM

@Y
BY )

2
i 1
2 (.16)

which results in the expression

BXM
=
h
(BA)

2 + (MBY )
2 + (Y BM )2

i 1
2 (.17)

.2.3 Propagation of uncertainty to results

Consider the result, r, which is determined through the functional relation-

ship between the measured variables P1, P2, ..., Pj as de�ned by the following
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equation

r = r(P1; P2; :::; Pj) (.18)

The propagation of precision error and bias error through the variables to

the result can be determined by

Sr =
h jX
i=1

(�iSPi)
2
i 1
2Br =

h jX
i=1

(�iBPi)
2
i 1
2 (.19)

where �i are the \sensitivities" of the result to variations in each parameter Pi

de�ned by

�i =
@r

@Pi
(.20)

This expression should be evaluated at the appropriate nominal values of the

parameters, Pi.

Once both the bias limit,Br, and the precision index, Sr, and associated \t"

factor for the result have been determined for a particular test point or set of

test conditions, the bias and precision errors can be combined in a quadrature

way to give the �nal uncertainty result

Ur = [B2
r + (tSr)

2]
1

2 (.21)

The t value in the above equation dependent on the degree of freedom in the

result, the Welch-Satterthwaite formula can be used to determine this degree of

freedom (Figliola and Beasley, 1991)

�r =
h jX
i=1

(�iSPi)
2
i2
=

jX
i=1

h
(�iSPi)

4=�Pi
i

(.22)

Typically, the \t" factor is chosen for a 95% coverage, which gives the uncer-

tainty for 95% coverage. This allows a statement for the result in a form

r � Ur (95%con�dence level) (.23)
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.3 Sample Calculation

.3.1 Calibration results

Using curve �tting equations (.3) and (.4), the calibrated data for thermo-

couples can be correlated as linear relation function. For thermocouple 1, we

have

V1(mv) = 0:042287T1(
�C)� 0:0684436; 
 = 0:9998 (.24)

The precision index for the slope and intercept can be determined by using

equations (.8) and (.8) respectively

Sa1 = 0:00707mv; Sm1
= 0:00015mv=�C (.25)

For thermocouple 2, we have

V2(mv) = 0:042299T2(
�C)� 0:0693248; 
 = 0:9998 (.26)

and

Sa2 = 0:007036mv; Sm2
= 0:000149mv=�C (.27)

For the 
ow sensor, the relation between the voltage output from the 
ow

meter and the 
ow rate passing through the meter can be correlated as the

following linear relation from calibration data

VF (v) = 1:10764Fw(gpm) + 0:030431; 
 = 0:9992 (.28)

and

Sa;F = 0:0254v; Sm;F = 0:0107v/gpm (.29)
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.3.2 Calibration error

For thermocouple 1, from equations (.10) and (.10), we have

T1 = 23:648V1 + 1:619 (.30)

From equations (.11) and (.12), we have the precision index for the slope

and intercept of the above expression

SA = 0:167�C; SM = 0:080(�C/mv) (.31)

The work standard errorBWS for the calibration of thermocouple comes from

the reading error from the thermometer. For our case, we have BWS = 0:05�C.

From equations (.15) and (.15), we have

BA = [(Bcurve fit)
2 + (BWS)

2]
1

2 (.32)

= 0:174�C

BM = [(Bcurve fit)
2]

1

2 (.33)

= 0:080�C/mv

For air-side velocity Va=1,90 m/s, water-side 
ow rate Fw=0.50 gpm, using

the calibrated thermocouples, we measured the mean water-side inlet temper-

ature and mean water-side outlet temperature, which are: Tw;in = 53:70�C

and Tw;out = 30:55�C. The mean voltage output from thermocouple 1 is V =

2:202mv. The bias error of V is, BV = 0:001mv. So using equation (.17), we

have the bias error for water inlet temperature

BTw;in = [(BA)
2 + (V BM )2 + (MBV )

2]
1

2 (.34)

= 0:248�C
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.3.3 Precision error

The precision error for water inlet temperature is due to the repeated mea-

surement of this temperature. We took N = 20 measurements for each measured

parameter during a steady state. For this sample experimental data, we have

STw;in = 0:35�C, then the precision error of the mean water inlet temperature is

STw;in =
STw;inp

N
(.35)

= 0:08�C

.3.4 Uncertainty in heat transfer

For our sample data, the total heat transfer rate from the coil can be cal-

culated by using equation (1), which gives Q = 3025:9(W). The water-side

Reynolds number is Rew = 4211:1

From equation (.19), we can calculate the precision error of total heat trans-

fer rate

SQ=Q =
h
(
SFw
Fw

)2 + (
STw;in

Tw;in � Tw;out
)2 + (

STw;out
Tw;in � Tw;out

)2
i 1
2 (.36)

= 3:0%

Similarly, from equation (.19), the bias error of total heat transfer rate can be

determined as

BQ=Q =
h
(
BFw

Fw
)2 + (

BTw;in

Tw;in � Tw;out
)2 + (

BTw;out

Tw;in � Tw;out
)2
i 1
2 (.37)

= 2:5%

The degrees of freedom in the Q can be determined by equation (.22), which

gives the result as �Q � 24, so the t value for 95% con�dence level is t = 2:06.
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Combining the precision error and bias error through using equation (.21), we

can get the total uncertainty in Q

UQ = [B2
Q + (tSQ)

2]
1

2 (.38)

= 201:7W

or

UQ=Q = 6:6% (.39)

So the measured value of heat transfer rate can be interpreted as:

Q = 3025:9 � 201:7 W (.40)
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APPENDIX-B: LEAST-SQUARES APPROACH

The total thermal resistance of the heat exchanger is the sum of the thermal

resistances of air-side and water-side:

1

UAa
=

1

�haAa
+

1

hwAw
(.41)

assuming

�Nua = a1Re
m
a Pr

1=3
a (.42)

Nuw = b1Re
n
wPr

0:3
w (.43)

where Nua and Nuw are de�ned as

Nua =
ha�

ka
(.44)

Nuw =
hwDi

kw
(.45)

let

y =
1

U
(.46)

then from equations (.41){(.45), we have the following expression

y =
�

a1kaRema Pr
1=3
a

+
Aa

Aw

Di

b1kwRenwPr
0:3
w

(.47)

or rewriting the above equation, we have

y = c1a�
�m + c2b�

�n (.48)

where a = 1=a1, b = 1=b1, c1 = �=(kaPr1=3a ), c2 = (Aa=Aw)(Di=kwPr
0:3
w ) and

� = Rea, � = Rew.
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According to least-squares approach, we require the following expression

have its minimum value for proper values of a, b, m and n:

S =
i=NX
i=1

[yi � ac1i�
�m
i � bc2i�

�n
i ]2 (.49)

which leads to

@S

@a
= 0 (.50)

@S

@b
= 0 (.51)

and

@S

@m
= 0 (.52)

@S

@n
= 0 (.53)

Then we have

a[
i=NX
i=1

(c1i�
�m
i )2] + b[

i=NX
i=1

c1ic2i�
�m
i ��ni ] =

i=NX
i=1

yic1i�
�m
i (.54)

a[
i=NX
i=1

c1ic2i�
�m
i ��ni ] + b[

i=NX
i=1

(c2i�
�n
i )2] =

i=NX
i=1

yic2i�
�n
i (.55)

and

a[
i=NX
i=1

(c1i�
�m
i )2ln�i] + b[

i=NX
i=1

c1ic2i�
�m
i ��ni ln�i] =

i=NX
i=1

yic1i�
�m
i ln�i (.56)

a[
i=NX
i=1

c1ic2i�
�m
i ��ni ln�i] + b[

i=NX
i=1

(c2i�
�n
i )2ln�i] =

i=NX
i=1

yic2i�
�n
i ln�i (.57)

So based on experimental data, we can determine yi, c1i, c2i, �i and �i. Then

using the equations (.54){(.57), we can calculate the constants a, b, m and n.

The Fortran program for this purpose can be found in Appendix-3.
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APPENDIX-C: FORTRAN CODE

double precision lwtc,ewtc,eatc,latc

double precision qw,rew,qa,rea,gpmsi,cfmsi

double precision pi,l,w,d,tl,t,fs,od,id,afr,ata,aca,atw,acw

double precision af,ap,ro,ri,af,a�n,roc,tm,tf,gpm

double precision row,muw,kw,cpw,prw,roa,mua,ka,cpa,pra

double precision q,utotal,ga

double precision gpm,ewtc,lwtc,eatc,latc,cfmsi

double precision aa,mm,bb,nn,err1,err2

double precision praa(500),prww(500)

double precision r1(500),r2(500),r3(500),r4(500)

double precision alpha(500),belta(500),c1(500),c2(500),y(500),uc(500)

double precision errrel

double precision fnorm,x(n),xguess(n)

integer i,itn,itmax,n

parameter (n=4)

double precision fnorm,x(n),xguess(n)

external fcn,dneqnf,rnun

common itn

common alpha(500)

common belta(500)

common c1(500)

common c2(500)
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common y(500)

open (1,�le='Original-data-All-�nal.data')

itn=259

call rnun (500,r1)

call rnun (500,r2)

call rnun (500,r3)

call rnun (500,r4)

||||||||||||||||||||-

* declaration of all geometric constants for

* Trane type t coil in cooling mode with 110 �ns/ft

||||||||||||||||||||-

* l= coil length, m

* w= coil width, m

* d= coil depth, m

* tl= total coil length, m

* t= �n thickness, m

* fs= �n space, m

* od= outer tube diameter, m

* id= inner tube diameter, m

* afr= airside frontal area, m2

* ata= total surface area, m2

* aca= free airside 
ow area, m2

* atw= total waterside surface area, m2

* acw= free waterside 
ow area, m2
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||||||||||||||||||||-

pi=4.0*datan(1.0d+0)

l=24.0*(2.54*0.01)

w=18.0*(2.54*0.01)

d=2.0*(2.54*0.01)

tl=290.0*(2.54*0.01)

t=.0050*(2.54*0.01)

fs=(135.0/48.0)*(1.0d-3)

od=.625*(2.54*0.01)

id=.585*(2.54*0.01)

afr=l*w

ata=(d*w*2.0*220.0)+(od*tl*pi)

af=d*w*2.0*220.0

ap=ata-af

aca=afr

acw=(pi*(id/2.)**2.)

atw=pi*id*tl

a�n=d*w/12.0

ri=od/2.0

ro=sqrt(a�n/pi+ri*ri)

roc=ro+t/2.0

do 10 i=1,itn

read (1,*)gpm,ewtc,lwtc,eatc,latc,cfmsi

gpmsi=gpm*((1.0d-3)/0.2642)/60.0
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tm=0.5*(ewtc+lwtc)+273.15

tf=(tm-273.15+(eatc+latc)/2.)/2.+273.15

call property(tm,tf,row,muw,kw,cpw,prw,roa,mua,ka,cpa,pra)

praa(i)=pra

prww(i)=prw

qw=row*cpw*gpmsi*(ewtc-lwtc)

qa=roa*cpa*cfmsi*(latc-eatc)

q=(qa+qw)/2.0

rew=4.0*gpmsi*row/(pi*id*muw)

ga=roa*cfmsi/aca

rea=fs*ga/(mua)

alpha(i)=rea

belta(i)=rew

utotal=(row*gpmsi*cpw/ata)*dlog((ewtc-eatc)/(lwtc-eatc))

uc(i)=utotal*ata

y(i)=1.0/utotal

c1(i)=fs/(ka*(pra**0.33333))

c2(i)=(ata/atw)*(id/(kw*(prw**0.3)))

10 continue

write(*,*) "reading data ends ok", itn

err1=1.0d-2

do 30 i=1,100

xguess(1)=10.0*(1.0+0.05*r1(i))

xguess(2)=0.6*(1.0+0.05*r2(i))
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xguess(3)=0.5*(1.0+0.05*r3(i))

xguess(4)=0.7*(1.0+0.05*r4(i))

errrel = 1.0d-4

itmax = 2000000

call dneqnf (fcn,errrel,n,itmax,xguess,x,fnorm)

write(*,*)(1.0/(x(1))),x(2),(1.0/(100.0*x(3))),x(4),dsqrt(fnorm)

err2=dsqrt(fnorm)

if(err1.lt.err2) goto 30

err1=err2

aa=1.0/(x(1))

mm=x(2)

bb=1.0/(100.0*x(3))

nn=x(4)

30 continue

write(*,*)aa,mm,bb,nn

end

||||-nonlinear solver subroutine||||-

subroutine fcn (x,f,n)

integer n,itn,i

double precision x(n),f(n)

double precision a11,a12,a22

double precision alpha(500),belta(500),c1(500),c2(500),y(500)

double precision d1,d2,f01,f02,f03,f04,f11,f12,f21,f22,d1,d2

common itn
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common alpha(500)

common belta(500)

common c1(500)

common c2(500)

common y(500)

intrinsic dlog

a11=0.0d+0

a12=0.0d+0

a22=0.0d+0

d1=0.0d+0

d2=0.0d+0

f01=0.0d+0

f02=0.0d+0

f03=0.0d+0

f04=0.0d+0

f11=0.0d+0

f12=0.0d+0

f21=0.0d+0

f22=0.0d+0

do 100 i=1,itn

a11=a11+c1(i)*c1(i)*(alpha(i)**(-2.0*x(2)))

a12=a12+c1(i)*c2(i)*(alpha(i)**(-x(2)))*(belta(i)**(-x(4)))

a22=a22+c2(i)*c2(i)*(belta(i)**(-2.0*x(4)))

d1=c1(i)*y(i)*(alpha(i)**(-x(2)))+d1
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d2=d2+y(i)*c2(i)*(belta(i)**(-x(4)))

f11=c1(i)*c1(i)*(alpha(i)**(-2.0*x(2)))*dlog(alpha(i))+f11

f12=c1(i)*c2(i)*(alpha(i)**(-x(2)))*(belta(i)**(-x(4)))*dlog(alpha(i))+f12

f01=y(i)*c1(i)*(alpha(i)**(-x(2)))*dlog(alpha(i))+f01

f22=f22+c2(i)*c2(i)*(belta(i)**(-2.0*x(4)))*dlog(belta(i))

f21=f21+c1(i)*c2(i)*(alpha(i)**(-x(2)))*(belta(i)**(-x(4)))*dlog(belta(i))

f02=f02+y(i)*c2(i)*(belta(i)**(-x(4)))*dlog(belta(i))

100 continue

f(1)=a11*x(1)+a12*(100.0*x(3))-d1

f(2)=a12*x(1)+a22*(100.0*x(3))-d2

f(3)=f11*x(1)+f12*(100.0*x(3))-f01

f(4)=f22*(100.0*x(3))+f21*x(1)-f02

return

end

||||-property subroutine||||-

subroutine property(tm,tf,row,muw,kw,cpw,prw,roa,mua,ka,cpa,pra)

double precision tm,tf,row,muw,kw,cpw,prw,roa,mua,ka,cpa,pra

||||-water properties||||-

row=754.5+1.87*tm-(3.56d-3)*(tm**2)

muw=0.11-(9.42d-4)*tm+(2.69d-6)*(tm**2)-(2.58d-9)*(tm**3)

kw=-1.09+(9.44d-3)*tm-(1.27d-5)*(tm**2)

cpw=(1.0d+3)*(9.03-(4.04d-2)*tm+(1.10d-4)*(tm**2)-(9.62d-8)*(tm**3))

prw=4340.6-50.47*tm+(2.21d-1)*(tm**2)-(4.30d-4)*(tm**3)

* +(3.14d-7)*(tm**4)
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||||-air properties||||-

roa=4.50-(2.15d-2)*tf+(4.56d-5)*(tf**2)-(3.62d-8)*(tf**3)

mua=(1.0d-6)*(6.61+0.030*tf-(3.03d-5)*(tf**2))

ka=(1.0d-2)*((-2.83d-1)+(1.17d-2)*tf-(6.60d-6)*(tf**2))

cpa=(1.0d+3)*(1.005)

pra=.7674-(2.51d-4)*tf+(1.0823d-7)*(tf**2)

return

end
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