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ABSTRACT

This investigation focuses on determining the relative air-side heat transfer performance
of several wire-on-tube condensers with multiple layers at high angles-of-attack with respect to a
forced air flow. During each experiment, a wind tunnel containing a variable height test section
was used to draw air, with free stream velocities ranging from 0.2 m/s to 2.0 m/s (0.66 ft/s to
6.56 ft/s), through the wire and tube matrix of a multi-layer condenser. The total heat transfer
rate from each condenser layer was determined by performing an overall energy balance on the
fluid (water for purposes of this study) flowing through the serpentine tube of the condenser.
The contribution of radiation to the overall heat transfer rate was estimated and accounted for, as
were the influences of the fin efficiency of the condenser wires and the thermal constriction
resistance resulting from heat flow to locations on the tube surface at which wires are welded.
Over the course of the study, influences of the free stream air velocity, condenser angle-of-
attack (45°< a0 < 90°), condenser orientation (y = 0 for air flow normal to the wires of the
condenser and y =/, for air flow normal to the serpentine tube), and geometric differences
between condensers (Dy, = wire diameter, S, = wire spacing, Sy = tube spacing, and Sy, =
layer spacing) on the air-side convection heat transfer performance were examined. In addition,
alternative condenser designs such as (i) staggered-wire condenser layers, (ii) one-sided
condenser layers, and (iii) staggered-tube condensers were also studied.
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NOMENCLATURE

Roman Symbols (Dimensional Parameters)

surface area [mZ2]

constant pressure specific heat [J/kgeK]
diameter [m]

gravitational acceleration [9.81 m/s2]
convection heat transfer coefficient [W/mZ2¢K]
average convection heat transfer coefficient [W/m2+K]
thermal conductivity [W/meK]

length [m]

mass flow rate [kg/s]

number (i.e. quantity)

energy transfer [J]

heat transfer rate [W]

thermal resistance [K/W]
centerline-to-centerline spacing [m]
temperature [K]

velocity [m/s]
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Roman Symbols (Dimensionless Parameters)

Cp drag coefficient, Ap/(1/2ep*V2)

D* dimensionless tube diameter, Dy/Dy,

f friction factor

Gr Grashof number, g*Be(Ty-Ta)*D3/v2

L&* dimensionless tube length, Ly/Dy,

Ly* dimensionless wire length, L/Dy,

m fin parameter, (h*S¢2/k*Dy,)!/2

Nu Nusselt number, heD/k

Pr Prandtl number, vepecp/k

Ra Rayleigh number, GrePr

Ri Richardson number, Gr/Re2

Re Reynolds number, VeD/v

S¢* dimensionless centerline-to-centerline tube spacing, S¢/Dyw
Sw* dimensionless centerline-to-centerline wire spacing, Sy/Dy
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Greek Symbols
angle-of-attack measured from a horizontal datum [deg]

volumetric coefficient of expansion [K-1]

difference

thickness [m]

total, hemispherical emissivity

fin efficiency

kinematic viscosity [m?2/s]

density [kg/m3]

Stefan-Boltzmann constant [5.67 x 10-8 W/m2eK4]

yaw angle [rad] where y=0: air flow L to wires
Y =n/2: air flow L to tubes

€ QD < 3 0 op ™

Subscripts

a air

a=0° horizontally oriented
a=90° vertically oriented

amb ambient condition

bare beneath the paint

char “characteristic

conv convection heat transfer
cond conduction heat transfer
eff effective

i inner surface

in inlet

int associated with the convection heat transfer within the condenser tube
max maximum

meas measured quantity

out outlet

P paint

r refrigerant (water)

rad radiation heat transfer

surr surrounding

Xiii






1. INTRODUCTION

Wire-on-tube condensers are typically used to dissipate the energy, in the form of heat,
removed from both the freezer and fresh food compartments of household refrigerators.
Although some condensers are designed to be cooled by natural convection, the condensers
found in most modern refrigerators are subjected to forced air flows which are drawn over the
condensers by fans.

As their name suggests, wire-on-tube condensers are made up of steel tubing and wires.
They are fabricated by first bending the tubing into parallel passes, thereby forming a planar
serpentine. Wires are then spot welded to each side of the serpentine such that they are
perpendicular to the tube passes of the serpentine. These wires act as extended surfaces, or fins,
for the condenser, providing secondary surfaces through which additional energy can be
transferred to the surroundings from the refrigerant flowing within the serpentihe. After the
wires and tubing are assembled together, black paint is applied to the outer surfaces of the
condenser. This prevents rust from forming on the condenser and also increases the emissivity,
g, of its outer surfaces, allowing the condenser to discharge a greater amount of energy through
radiation heat transfer with its surroundings.

The overall effectiveness of a wire-on-tube condenser (or any heat exchanger) is
determined primarily by the rate at which it can transfer energy from the refrigerant flowing
within it to its environment. This heat transfer rate is governed by the temperatures of both the
refrigerant, Ty, and the condenser's environment, T, (for purposes of convection heat transfer)
and Ty, (for purposes of radiation heat transfer), each of which may be difficult to adjust, in
addition to the thermal resistance which obstructs heat flow between the refrigerant and the
condenser's environment.

The thermal resistance between the refrigerant and the environment of the condenser can
be divided into several smaller resistances, the largest of which is the external, or "air-side",
resistance which obstructs heat flow from the outer surfaces of the condenser to the surrounding
air. In a previous study performed by Admiraal and Bullard (1993) the air-side thermal
resistance of a refrigerator wire-on-tube condenser was shown to account for over 95% of the
total resistance in the portion of the condenser containing two-phase refrigerant. In addition, this
resistance contribution also ranged from 42% to 63% and from 55% to 75% of the total
resistance for the subcooled and superheated regions, respectively.

Since the air-side thermal resistance accounts for such an overwhelming portion of the
total resistance, it is obvious that the performance of a wire-on-tube condenser can most readily
be increased by decreasing the resistance between the outer surfaces of the condenser and the
surrounding air. This can be accomplished by increasing either the outer surface area of the



condenser (Aw and/or Ay or the air-side convection heat transfer coefficient associated with the
condenser, h. The size and, as a result, surface area of the condenser is often dictated by
economic and spatial limitations. In light of this fact, the current study focuses on increasing the
relative heat transfer performance of wire-on-tube condensers through increasing the air-side
convection heat transfer coefficients associated with the condensers.

Wire-on-tube condensers cooled by forced convection are usually located in the lower
portions of refrigerators (beneath the fresh food compartments), where they are almost always
suspended horizontally within horizontal air flows, as shown in Fig. 1.1a. However,
experimental results from Hoke (1995) and Swofford (1995) clearly indicate that the air-side
convection heat transfer coefficient of a wire-on-tube condenser is significantly increased as the
angle-of-attack between the plane of the condenser and an air flow is increased. Data obtained
from condensers tested at o. = 0° and o = 90° show that the convection heat transfer performance
of a condenser is increased by at least 160% when o is increased from 0° to 90°. As a result, it
would appear that a wire-on-tube condenser's performance would be greatly enhanced if it (or
parts of it) were oriented nearly perpendicular to the air flow in which it is placed. Due to the
dimensional restrictions which are associated with a refrigerator, a wire-on-tube condenser of
this type might take the form of that shown in Fig. 1.1b, where the condenser has been folded up
into a saw-tooth shaped multi-layer configuration and placed at the rear of the refrigerator next to

the compressor.
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Figure 1.1 Lower portions of refrigerators with (a) a typical condenser
and (b) a multi-layer condenser

This investigation attempts to not only quantify the relative air-side heat transfer
performance of wire-on-tube condensers at high angles-of-attack with respect to a forced air
flow, but also to determine the interaction between multiple condenser layers placed in close
proximity of one another as shown in Fig. 1.1b. Influential parameters such as the free stream
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Figure 1.2 Nomenclature definitions for several of the parameters studied

air velocity (V), condenser angle-of-attack (a), condenser orientation (y), and condenser
geometry (i.e. Dy, = wire diameter, Sy, = wire spacing, S; = tube spacing, and Sy, = layer
spacing) are each considered when examining performance. The definitions of several of these
parameters are shown in Fig. 1.2. In addition, the effect of the relative locations of certain
geometric elements within a particular multi-layer wire-on-tube condenser has also been studied.
In doing so, alternative condenser designs such as (i) staggered-wire condenser layers, (ii) one-
sided condenser layers, and (iii) staggered-tube condensers were developed and tested.

Due to the nature of the investigation, condenser coils possessing large gaps in their wire
mats, as shown in Fig. 1.3, were assumed to be unsuitable for testing. As a result, only four
different wire-on-tube condensers obtained from two manufacturers were tested during this
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Figure 1.3 Condenser coil suitability based on the presence of large wire gaps



investigation. In most instances only one of the three major geometric parameters (i.e. Dy, Sw,
and S;) was varied between condenser coils. This allowed the effect of each geometric parameter
to be studied individually, while also giving some variation between condensers, thereby

increasing the utility of the results.



2. LITERATURE REVIEW

To date, only a few studies pertaining to wire-on-tube condensers have been performed.
Of these, an overwhelming majority involve the testing and analysis of wire-on-tube condensers
cooled by natural convection and radiation. Since most modern refrigerator condensers are now
exposed to forced convection air flows generated by fans, the applicability of much of the
previous research is extremely limited.

Research involving wire-on-tube condensers first appeared in publication as a series of
M.S. Theses by Rudy (1956), Howard (1956), and Carley (1956). Working concurrently, each of
the authors focused on determining the influence of a single (or in the case of Rudy, two)
geometric parameter(s) on the heat transfer performance of wire-on-tube condensers subjected to
natural convection and radiation.

Experiments performed by Rudy focused on studying the effects of Dy, and Sy, on the
heat transfer rate from wire-on-tube condensers tested in horizontal (o = 0°) and vertical
(o0 =90°) orientations. Plots appearing in his thesis clearly indicate that the air-side thermal
resistance (R, = 1/ha) decreases with increasing Dy, and decreasing Sy, when the condenser is
subjected to both natural convection and radiation. Unfortunately, since Rudy was unable to
determine an effective outer surface area for each of the condensers tested, the air-side
convection heat transfer coefficients associated with the data that he obtained could not be
estimated.

Howard's experiments focused on determining the effect of S; on the heat transfer rate
from wire-on-tube condensers tested in a horizontal position. As shown by the data presented for
condensers with two different Sy, the heat transfer rate per tube pass increases with increasing S;
when the condenser is exposed to natural convection and radiation. As in the case of Rudy,
Howard was also unable to determine an effective outer surface area for each condenser. As a
result, the air-side convection heat transfer coefficients associated with Howard's data were also
left undetermined.

The effect of D¢ on the heat transfer rate from horizontally oriented wire-on-tube
condensers subjected to natural convection and radiation was the focus of Carley's experiments.
His results indicate that the air-side thermal resistance decreases with increasing D;. Unlike
Rudy and Howard, Carley attempted to determine the air-side convection heat transfer
coefficients associated with the condensers that he tested. Assuming an effective outer surface
area of (A¢ + NwAw), he found that the air-side convection heat transfer coefficients (assuming
h = h; = hy,) associated with the wire-on-tube condensers decrease with increasing Dy.

Data obtained from the three previous sources were referenced by Witzell and Fontaine
(1957a) in a journal article correlating the effects of the geometry of horizontally oriented wire-



on-tube condensers on heat transfer (natural convection only) performance. Since the Prandtl
numbers, Pr, associated with the data examined were nearly constant, Witzell and Fontaine found
that the heat transfer performance of horizontally oriented wire-on-tube condensers cooled by

natural convection are governed by

Nu = 0.4724 Gr%-2215 (2.1)

where the characteristic dimension used in determining the Nusselt and Grashof numbers, Nu
and Gr, are based on the area-weighted average of the condenser tube and wire diameters, D¢har,

as follows:

AD +A, Dy 22)
A +A,

Dchar =

Witzell and Fontaine (1957b) detailed the use of their correlation as a design tool for
wire-on-tube condensers which are exposed to natural convection and radiation. Due to the
experimental origin of the correlation, Witzell and Fontaine warn that extrapolation from the

following geometric limitations may produce questionable results:
1. Only horizontally oriented wire-on-tube condensers may be considered.

2. The outer dimensions of the condenser should be 610 mm x 914 mm (24 in x 36 in)
with the larger dimension along the length of the wires.

3. 0.88 mm <Dy, £2.32 mm (0.0348 in < Dy, £0.0915 in)
423 mm<sSy <254 mm (0.167in<Sy <1in)
476 mm < D; <159 mm (0.188 in < D; £0.625 in)
254mm<S$;<102mm (1in<S;<4in)

Papanek (1958) presented data in the form of an M.S. Thesis detailing the effect of o
(measured from a horizontal datum) on the convection heat transfer coefficients associated with
wire-on-tube condensers subjected to both natural convection and radiation. During each
experiment, the wires of the condenser were kept in a horizontal orientation while the tube passes
were rotated to various angles (y = 0). Studying condensers with four different Sy, Papanek
found (i) that h (assuming h = hy = hy, and Aefr = A¢ + NlwAw) for natural convection decreases
with increasing o and (ii) that the angular dependence of h increases as Sy, decreases.

As in the case of Witzell and Fontaine (1957a), Papanek also attempted to correlate the
effects of wire-on-tube condenser geometry on heat transfer (natural convection only)
performance. Using the characteristic dimension defined by Eq. (2.2), he determined that the
Nusselt-Grashof relations for wire-on-tube condensers subjected to natural convection are



(Nu)y_ge = 0.2714 Gr3Y (Nu)ygge =0.0188 Gr®7%¢ (232 & b)

where the subscripts o = 0° and o = 90° correspond to condensers placed in horizontal and

vertical orientations, respectively.
Witzell, Fontaine, and Papanek (1959) recorrelated the data presented in the previous

source by assuming a characteristic dimension of

-1/4 -1/4
_ya_AD " +n, A, D

= 2.4
char Ai+Ay, (2.4)

D

Using this new characteristic dimension, the Nusselt-Grashof correlations for wire-on-tube

condensers subjected to natural convection were recalculated to be

1.2
(Nu),,_go = 0.905 Gr0'176[s—w§_—D—w] (Nu)y_gge =0.034 Gr%72% (2,52 & b)

w

where the subscripts o0 = 0° and o = 90° again correspond to condensers placed in horizontal and

vertical orientations, respectively.

A study performed by Cyphers, Cess, and Somers (1959) also attempted to quantify the
effect of o (also measured from a horizontal datum) on the convection heat transfer coefficients
associated with wire-on-tube condensers subjected to both natural convection and radiation.
Both the case where the wires of the condenser were kept horizontal while the tube passes were
rotated (W = 0) and the case where the wires were rotated while the condenser tube passes were

kept horizontal (y = ™/2) were examined. Defining an average convection heat transfer

coefficient, h, as

q=h(Ac+Ay) ('—ft - Ta) (2.6)

where T is the average outer surface temperature of the condenser tube passes, h for natural
convection was found to decrease with increasing o for both the y = 0 and y = T/, cases.

The data obtained from the y = ™/, case were also used to estimate the convection heat
transfer coefficients associated with the condenser wires, hy, for 0° < a < 90°. Using the relation

Beh—A2L_4p,—Bw _p @.7)
A +Ay A +Ay

where hpyq is the average radiation heat transfer coefficient, Cyphers, Cess, and Somers
calculated hy as a function of o and compared the results to the theoretically determined heat



transfer coefficients for natural convection heat transfer from an infinite yawed cylinder. As
shown by this comparison, the estimated hy, are approximately equal to the hy, determined using
the theoretical Nusselt-Grashof relation

2
Nu= (2.8)
In [1 +5(Gr cos a)'l/4]

for the entire range of o.

In addition to determining the dependence of h on a., Cyphers, Cess, and Somers
performed experiments to determine the effect of the presence of confining walls on the h
associated with wire-on-tube condensers subjected to both natural convection and radiation.
During each of these experiments, a pair of vertical walls were positioned with each on either
side of the condenser. The distance between the walls was varied during the investigation, while
the condenser was kept either in a vertical position or tilted (i.e. o0 was varied) such that the
edges of the condenser were in contact with the confining walls. In general, the data indicate that
h decreases as the spacing between the walls decreases for both of the conditions where the
condenser was kept vertical and when it was angled with respect to the walls.

Collicott, Fontaine, and Witzell (1963) presented the results of a study aimed at
determining the effective radiation view factors associated with wire-on-tube condensers. In the
study, several wire-on-tube condensers were tested in an evacuated chamber (p < 10-3 mm Hg) in
an effort to eliminate the contribution of convection to the overall heat transfer rates. By

defining an effective radiation view factor, Feff, as

Qrad = Fefr €efr O (At + Aw) (Tt - Tsurr) 2.9)

where qraq is the radiation heat transfer rate from a condenser, €fr is an effective emissivity, and
Tsurr is the temperature of the environment, Collicott, Fontaine, and Witzell were able to
determine the Fefr associated with wire-on-tube condensers as a function of the ratios Pt/s; and
Dw/sy,. In general, Fefr appears to decrease with increasing values of P¥/g,,. A similar
conclusion can not be drawn between Fegr and Dt/g;.

Collicott, Fontaine, and Witzell recognized the fact that their experimentally determined
Fegr were not actual view factors. That is, the Fefr that they determined were dependent on the
temperature distribution within the condenser wires in addition to the geometry of the wire-on-
tube condenser. As a result, they stress that the reported Fegr should ideally be used under
conditions which yield temperature distributions similar to those experienced by the specimens
that were tested in the evacuated chamber (i.e. conditions involving very little convection heat
transfer). Conditions under which the fin efficiencies of the condenser wires, 1, are low should



result in temperature distributions which are extremely dissimilar to those of the test conditions,
artificially causing Fegf to overestimate the actual radiation view factor. Collicott, Fontaine, and
Witzell also point out, however, that in cases where the increased heat transfer rate resulting
from natural convection does not drastically alter the temperature distribution within the wires of
the condenser (i.e. Nw ~ 1.0), the application of the experimentally determined Fefr to conditions
involving both natural convection and radiation should provide satisfactory results.

Collicott, Fontaine, and Witzell used the experimentally determined values of Fegf to
approximate and remove (rad from the overall heat transfer rate from several wire-on-tube
condensers at various o subjected to both natural convection and radiation. Nusselt numbers
were then calculated from these values of qcopny using both Eq. (2.2) and (2.6), and compared to
the theoretical Nu for isothermal horizontal cylinders (cooled by natural convection) with
identical Dchar given by the equation

Nu = 0.11(Gr Pr)"* + (Gr Pr)*! (2.10)

As shown in the plots presented, the ratio of the Nu of a wire-on-tube condenser to that of an
isothermal horizontal cylinder with identical D¢har increases (to a maximum of 1.0) with
increasing values of Dt/g, and decreases with increasing o.

The first known studies involving wire-on-tube condensers exposed to forced convection
and radiation were published by Hoke (1995) and Swofford (1995) in the form of a pair of M..S.
Theses, which were later reprinted in a technical report by Hoke, Swofford, and Clausing (1995).
Their investigations focused on determining how the relative convection heat transfer
performance of several wire-on-tube condensers vary as a function of (i) the free stream velocity
of the forced convection flows to which the condensers are exposed, (ii) the o of the condensers
for both the y = 0 (where |a| < 20°) and y = ™/, (where | 0| < 40°) cases, and (iii) the variation
in the wire and tube geometry (Dw, Sw, Dy, and Sy).

Hoke and Swofford performed their experiments in a wind tunnel (see Chapter 3 -
Experimental Apparatus & Instrumentation) capable of attaining free stream air velocities of up
to 2.0 m/s (6.56 ft/s). The dimensions of the wind tunnel test section were chosen to be 305 mm
(12 in) high and 914 mm (36 in) wide in order to allow the wire-on-tube condensers to be rotated
at the various o necessary for their experiments. Both Hoke and Swofford acknowledge that the
dimensions of the test section used are in no way similar to those available in a household
refrigerator and, as such, may have resulted in slight discrepancies between the data obtained
from their experiments and the convection heat transfer performance of a wire-on-tube condenser
placed in an actual refrigerator. In addition, the condensers tested in the wind tunnel were
subjected to velocity profiles which were spatially uniform over the cross-sectional face of the



wind tunnel test section. Since it is known that the wire-on-tube condensers in actual
refrigerators experience highly non-uniform air flows, additional discrepancies may also have
been introduced in this manner. It is important to note, however, that although their results may
not exactly predict the relative heat transfer performance of wire-on-tube condensers cooled
within the tightly confined, highly non-uniform, forced convection air flows produced beneath
refrigerators, the findings of Hoke and Swofford (i) present a close approximation of an actual
wire-on-tube condenser's performance and (ii) allow the effects of V, ., y, and geometry on
condenser heat transfer performance to be readily assessed.

The convection heat transfer coefficient associated with the wires of a wire-on-tube

condenser, hy, defined as

hy = Gconv @.11)

L"‘nw Ay (Tt ’Ta)

VD;

where D" is the dimensionless tube diameter (D;* = DPt/py,), was used as a measure of each
condenser's heat transfer performance. Since hy, is also used as a measure of performance in the
current investigation, the development of a similar heat transfer coefficient definition will be
presented in further detail in Chapter 4 - Data Reduction.

As expected, the hy, associated with wire-on-tube condensers were generally found to
increase with increasing V and increasing o for both the y = 0 and y ="/, cases. Exceptions to
this conclusion, however, were observed in cases involving horizontal condensers exposed to air
flows with free stream velocities below 0.5 m/s (1.64 ft/s). Under these conditions it is believed
that the buoyancy forces interact with the inertial forces of the forced convection flow to produce
hy, which are, in some cases, lower than those associated with wire-on-tube condensers exposed
to only natural convection (V = 0) and radiation. Note that, in addition to finding a direct
relationship between hy, and both V and ., the hy, for the y = 0 case were also found to be
slightly higher than those of the y = ™/5 case for mosta..

The dependence of hy, on the actual wire and tube geometry of the condenser was
determined by examining seven different wire-on-tube condensers obtained from four
refrigerator manufacturers. These condensers were each subjected to the same set of forced
convection tests for both the cases of y = 0 and y = 7/,. The data obtained were then used in
calculating Nuy,, which were later examined in detail. For the data involving Rey, > 50 and
2.8 £ Sw* < 4.4, the Nusselt-Reynolds relation associated with wire-on-tube condensers was

found to be
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Nu,, =C Re® [0.985 ~98.5exp (~2.325,, )] 2.12)

where Sy* is the dimensionless wire spacing (Sw* = S¥/py) and both C and n are constants
determined from curve fits of the data. In the case of y =0,

C=0.274 - 0.247 cos (| o |- 4.87) exp [-0. 00234 (ot +0. 902)2] (2.13a)
n = 0.585-0.249 cos (| &t|+20.0) exp [-0.00441 (o + 1.66)2] (2.13b)

For the case of y = /3,

C =0.263-0.235 cos (t) exp (~0.00289 o? (2.14a)
n=0.55+0.269 cos () exp (~0.00597 o (2.14b)

In addition to examining the effects of V, &, y, and condenser geometry on the hy,
associated with wire-on-tube condensers exposed to both forced convection and radiation, Hoke
performed a series of experiments to determine (i) the forced convection heat transfer
coefficients associated with a condenser without wires (i.e. an unpainted serpentine tube) at
various o for both the y = 0 and y =/, cases and (ii) the effect of Ly, on the hy, associated with
wire-on-tube condensers exposed to forced convection and radiation at various o (for the y =™/,
case only). Careful examination of the data obtained from these tests reveal that, in general,

(i) the h associated with a wireless condenser oriented at o0 > 20° and y = ™/, is approximately
equal to that predicted for a cylinder in cross flow using correlations developed by Hilpert (1933)
and Zhukauskas (1972) and (ii) the relative convection heat transfer performance of a wire-on-
tube condenser oriented between o = -5° and o = 0° decreases with increasing length, Ly,.

Swofford also performed additional experiments aimed at studying the effect of a on the
hy, associated with a wire-on-tube condenser subjected to either natural or forced convection
coupled with radiation. In each of these tests, Swofford used a small-sized wire-on-tube
condenser with outer dimensions 283 mm x 279 mm (11.1 in x 11 in). This allowed the range of
o tested to be increased such that 0° < o < 90° for both the y = 0 and y =™/, cases. Plots
appearing in his thesis clearly show that (i) the hy, associated with a condenser exposed to natural
convection and radiation decreases with increasing. o for both the y = 0 and y =™/, cases and
(ii) the hy, associated with a condenser exposed to forced convection and radiation increases with
increasing o for both the y = 0 and y =™/, cases, reaching a maximum which is at least 250%
that associated with a horizontal condenser at oo = 90°. Note that hy, for the y = 0 case was again

11



found to be slightly higher than that of the y = ™/, case for most o for a wire-on-tube condenser

exposed to forced convection and radiation.

Hoke, Clausing, and Swofford (1997) summarized the major findings of Hoke (1995) and
Swofford (1995) in a technical article focusing on the effects of V, o, W, and condenser geometry
on the relative heat transfer performance associated with wire-on-tube condensers exposed to
both forced convection and radiation. The development and utility of the definition of hy, is
discussed as are general conclusions which can be drawn from the data. Hoke, Clausing, and
Swofford highlight both the extremely strong dependence of hy, on o and the accuracy of

Eq. (2.12), (2.13), and (2.14) in predicting hy.
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3. EXPERIMENTAL APPARATUS & INSTRUMENTATION

Much of the equipment used in this investigation was developed for use in the research
conducted by Hoke (1995), Swofford (1995), and Rasmussen (1997). Previously used testing
apparatus such as (i) an induced flow wind tunnel, (ii) a variable height wind tunnel test section,
and (iii) a temperature regulated water circulation system were each utilized in the experiments
of the current investigation. In addition, several multi-layer condenser support frames have since
been constructed, and new instrumentation designed to acquire temperature data utilizing both
absolute and differential thermopiles has been installed. Each of these, including the previously

developed equipment, is discussed in detail in the following sections.

3.1 Wind Tunnel
The wind tunnel used to produce the forced air flows in which the wire-on-tube

condensers of this investigation were tested was designed and built by Hoke (1995). Shown in
Fig. 3.1, the wind tunnel consists of several sections, each of which performs a different and
distinct function. During operation, air is pulled into the wind tunnel through an opening at the
front of the flow conditioning section. The air then flows through the test section in which the
condensers are mounted and exits through a duct at the rear of the flow exhaust section.

The flow conditioning section, shown in Fig. 3.2, acts as a sieve between the ambient air
and the air to which the condenser mounted in the test section is exposed. As can be seen, air is

Flow Conditioning
Section

Flow Exhaust Section .
Test Section

Variable Speed
Motor

Figure 3.1 Wind tunnel used to induce an air flow over the condenser (Scale = 3:100)
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Figure 3.2 Cut-away view of the wind tunnel flow conditioning section (Scale = 64:1000)

first drawn into the plywood hull of the flow conditioning section through a 152 mm (6 in) long
piece of aluminum, hexagonal core honeycomb. This causes the path of the air flow to
straighten, reducing any turbulence and vortices (or swirls) which may have resulted from
ambient instabilities. The air then flows through a series of five nylon screens, which helps to
further reduce turbulence and produces a much more spatially uniform flow.

The test section, made from 12.7 mm (0.5 in) thick acrylic sheets supported by an
aluminum frame, houses the test specimen (i.e. condenser) during each experiment. The internal
dimensions of the test section are as follows: 305 mm (12 in) high, 914 mm (36 in) wide, and
762 mm (30 in) long. During operation, free stream air velocities of up to 2.0 m/s (6.56 ft/s) can
be generated within the test section. Both the spatial uniformity over the entire cross-sectional
face of the test section and the transient unsteadiness of the air flow produced have been
estimated to be less than 2.5% of the free stream air velocity, using a TSI IFA 100 hot wire
anemometer. In addition, the turbulence at V = 2.0 m/s (6.56 ft/s) has been measured to be less
than 1%.

The flow exhaust section, which houses the fan, produces the driving potential for the air
flow. Airenters the flow exhaust section through a 2.44 m (8 ft) long converging, rectangular-
to-round, galvanized sheet metal duct. The air is then channeled from the circular exit of duct,
measuring 254 mm (10 in) in diameter, into a 203 mm (8 in) long flexible piece before being
pulled through a backward inclined centrifugal fan. The fan, powered by a 560 W (3/4 hp)
variable speed DC motor, is ultimately responsible for producing the driving potential of the air
flow. The air then exits from the wind tunnel via a series of rectangular and circular ducts

leading from the fan casing.
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3.2  Variable Height Wind Tunnel Test Section

In an effort to better simulate the tightly confined, forced convection air flow experienced
by a condenser situated beneath a refrigerator fresh food compartment, a variable height test
section was developed by Rasmussen (1997) for use in conjunction with the wind tunnel
mentioned in Section 3.1 - Wind Tunnel. This variable height test section was designed to fit
within the original 305 mm x 914 mm x 762 mm (12 in x 36 in x 30 in) wind tunnel test section
and is made up of four individual panels.

The top and bottom panels each consist of a 6.35 mm (0.25 in) thick sheet of acrylic
bonded to four slotted acrylic tabs and attached in a plane with a thin sheet of flexible
polycarbonate. When used to assemble the variable height test section, the slotted acrylic tabs of
the top and bottom panels are bolted to both side panels (also made of acrylic), forming a
rectangular-shaped duct. The far edges of the polycarbonate sheets of the top and bottom panels
are then gently bent and locked down into position such that they are flush against the top and
bottom corners of the acrylic side panels. The assembled variable height test section appears
much like that shown in Fig. 3.3.

10 _(

(@ (b)

Figure 3.3 Variable height wind tunnel test section set at (a) maximum height
and (b) minimum height (Scale = 72:1000)

During testing, the variable height test section is situated within the original wind tunnel
test section with its side nearest to the polycarbonate sheets facing the flow conditioning section
of the wind tunnel (see Section 3.1 - Wind Tunnel). Foam and acrylic barriers are used to block
regions of the test and flow conditioning sections of the wind tunnel which extend beyond the
width of the variable height test section. The use of barriers accounts for the difference in width
between the inside of the wind tunnel and that of the variable height test section and forces the
air flow generated by the wind tunnel to pass entirely through the variable height test section.

As it enters the variable height test section, air is channeled through the path formed by
the polycarbonate sheets. The curved form of the polycarbonate sheets act to produce a smooth
contraction between the height of the original wind tunnel test section and that of the new test
section. The acrylic portions of the top and bottom panels, along with the side panels, define the
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rigid boundaries of the new test section.

The height of the variable height test section is determined by how the acrylic portions of
the top and bottom panels are situated with respect to one another and the side panels before they
are locked into place. Slots located in the acrylic tabs of the top and bottom panels allow the
height of the test section to be continuously adjusted from 50.8 mm (2 in) to 152 mm (6 in).
Figures 3.3a & b illustrate the variable height test section at its maximum and minimum heights,
respectively.

Unlike its height, the other dimensions of the variable height test section are not flexible.
The width of the test section is determined solely by the width of the top and bottom panels used.
In order to accommodate different sized condensers, two sets of top and bottom panels were
constructed, one set with a width of 406 mm (16 in) and another set with a width of 762 mm
(30 in). The length of the test section (acrylic portion only) measures 622 mm (24.5 in). Acrylic
extensions to the rear of the variable height test section have been built and used, when

necessary, to accommodate condensers requiring greater lengths.

3.3  Multi-layer Condensers and Support Frames

One of the goals of this investigation was to study the interaction between individual
layers of a multi-layer wire-on-tube condenser. To do this, several sets of nearly identical single
layer condensers, the geometry of which have been listed in Table 3.1, were prepared and tested
with the layers of a particular set placed in series with one another. During each experiment, the
layers of a particular condenser set were connected through the use of mixing cups attached
(using plastic-welding epoxy) to Tygon™ tubing, as shown in Fig. 3.4. This union of the
individual condenser layers results in the creation of a "pseudo" multi-layer condenser.

As can be seen in Fig. 3.4a, the mixing cups used in linking the individual condenser
layers are composed of two 12.7 mm x 6.35 mm (0.5 in x 0.25 in) brass couplings soldered to an
interconnecting 12.7 mm (0.5 in) O.D. copper tube. This particular geometric configuration
creates a sudden expansion followed by a sudden contraction, which causes fluid flowing
through a particular mixing cup to achieve a much more spatially uniform temperature profile. A
series of copper-constantan (type T) stainless steel sheathed thermocouple probes have also been
inserted into and secured to each mixing cup using epoxy (see Fig. 3.4b). When properly
connected, these thermocouple probes allow the absolute temperature of the fluid flowing within
the mixing cup, as well as the differential temperature between the fluid flowing within two
consecutive mixing cups, to be accurately measured. Adhesive foam placed around the entire
outer surface of each mixing cup and portions of the Tygon™ tubing serves to insulate the fluid
flowing through the mixing cups from influences outside the mixing cups.

The individual layers of the multi-layer condensers were oriented with respect to one
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Table 3.1 Geometry of the multi-layer condenser layers

Variable | Units Coil 6 Coil 8 Coil 9 ! Coil 10
Dy mm (in) | 1.38 (0.0542) 1.58 (0.0621) 1.57 (0.0618) 1.58 (0.0620)
dpw mm (in) | 0.02 (0.0006) | 0.01 (0.0005) | 0.01 (0.0004) | 0.01 (0.0005)
Sw mm (in) | 6.07 (0.239) 6.34 (0.250) 6.35 (0.250) 5.08 (0.200)
Nw wires 66 150 60 204
Lw mm (in) 150 (5.91) 148 (5.82) 151 (5.96) 152 (5.99)
Dy mm (in) | 4.80 (0.189) 4.80 (0.189) 4.83 (0.190) 4.85 (0.191)
dpy mm (in) | 0.02 (0.0008) | 0.02 (0.0007) | 0.03 (0.0013) 0.04 (0.0017)
D¢ mm (in) | 3.34 (0.132) 3.34 (0.132) 3.34 (0.132) 3.34 (0.132)
S¢ mm (in) 254 (1) 50.8 (2) 31.8 (1.25) 31.8 (1.25)
N tubes 6 3 5 5
¥ Ly | mm(in) 202 (7.97) 471 (18.53) 186 (7.31) 515 (20.28)

1 Excludes tube portions which are not directly exposed to forced convection

Tygon Tubing

Brass
Couplings

Thermopile
Connections

(@

Water Flow

Copper
Tube

H
3|

(®)

Water Flow

N Stainless Steel Sheathed
Thermocouple Probes

Water Flow

—

Figure 3.4 (a) Exterior and (b) interior views of the mixing cups
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another through the use of a series of support frames, as shown in Fig. 3.5 and 3.6. These
support frames, made primarily of plywood and foam, provided both structural support and form
to each set of condenser layers, allowing the layers of the multi-layer condensers to be fixed into
a desired geometric configuration (i.e. a set of desired S, o, and ).

The variable Sy, condenser support frame, shown in Fig. 3.5, allowed the centerline-to-
centerline distance between consecutive vertical (0. = 90°) condenser layers to be adjusted. As
can be seen in Fig. 3.5a, the variable Sy condenser support frame consists of a series of foam-
lined, plywood and acrylic pieces held together by four threaded nylon rods and a set of metal
fasteners. Each of the plywood and acrylic pieces, excluding the pair of plywood contours
located at the front of the frame, were designed to be slightly under 152 mm (6 in) in height in
order to be used in conjunction with the, variable height test section (see Section 3.2 - Variable
Height Wind Tunnel Test Section) set at its maximum height. The plywood contours, on-the-
other-hand, were designed to match the curved shape formed by the polycarbonate sheets of the
fully assembled variable height test section.

When assembling a multi-layer wire-on-tube condenser using the variable St support
frame, the nylon rods (assuming that nuts and washers are already in place) are first threaded
through slots located in the pair of L-shaped plywood pieces at the back of the frame. They are
then threaded through holes in a pair of acrylic guides (not shown in Fig. 3.5a) and passed
through the tube bends of a condenser layer from the condenser set being investigated. A pair of
acrylic guides (again not shown in Fig. 3.5a) are then added to the frame, followed by a pair of
plywood spacers. At this time, additional plywood spacers may be threaded onto the rods (two
pairs of spacers are shown in Fig. 3.5a) or another condenser layer sandwiched between acrylic
guides may instead be added to the frame. By varying the number of pairs of plywood spacers
employed between each set of consecutive condenser layers, the Sy, of the multi-layer condenser
can be varied incrementally. Over the course of the study, nine different Sy were investigated,
ranging from 16.3 mm (0.642 in) to 76.1 mm (2.99 in), in increments of 7.47 mm (0.294 in).
After including a sufficient number of condenser layers and plywood spacers, a pair of L-shaped
plywood pieces are threaded onto the rods, followed by a set of washers and wing-nuts. The
variable Sy, condenser support frame is then completed by attaching the pair of plywood contours
to the front of the entire assemblage.

A fully assembled multi-layer wire-on-tube condenser using the variable Sy, support
frame is shown in Fig. 3.5b. Note that although the multi-layer condenser shown has only two
layers, any number of condenser layers may be tested in this manner. The use of foam, threaded
nylon rods, and acrylic guides in assembling the variable Sy support frame serves to minimize
any conduction heat transfer that may occur between portions of the multi-layer condenser and

the variable Sy, condenser support frame.
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Figure 3.5 Variable S| condenser support frame shown (a) in an exploded view and (b) fully assembled (Scale = 18:100)




In an effort to examine the forced convection heat transfer performance of multi-layer
wire-on-tube condensers with layers at various o (with | o | uniform over an entire multi-layer
condenser for a particular experiment), a series of o condenser support frames were also
designed and constructed to be used in conjunction with the variable height test section (again,
see Section 3.2 - Variable Height Wind Tunnel Test Section).

These support frames, a couple of which are shown in Fig. 3.6, consist of a pair of
plywood contours designed to match the consolidation of both the curved shape formed by the
polycarbonate sheets and the straight form of the rigid acrylic portions of the fully assembled
variable height test section. Slots cut from each of the plywood contours, at pre-determined
locations along the lengths of the contours, allow condenser layers to be oriented at certain
angles with respect to the air flow when their tube bends are slid into the slots. As can be seen,
sets designed to accommodate both the y = 0 (see Fig. 3.6a) and y = ™/, (see Fig. 3.6b) cases at a
variety of o (45°, 60°, and 75°) were constructed.

Note that in the constructing these o condenser support frames, the effects of the
buoyancy forces were assumed to be negligible with respect to the inertial forces of the forced
convection flow generated during each experiment. That is, it was assumed that the heat transfer
performance of a particular condenser oriented at o = o1 would be approximately equal to that of
the same condenser oriented at o = - 0.j. Experimental data obtained by Hoke (1995) and
Swofford (1995) clearly indicate that the + or - sign associated with o has a negligible effect on
hy, for condensers oriented at |a| 2 20°, for both the ¥ = 0 and y =7/; cases. Since this study
focuses on condensers oriented at | 0| 2 45°, the assumption that the buoyant forces pose
negligible effects on hy, is a valid one. A direct extension of this assumption is the supposition
that condensers may be rotated about a vertical, as opposed to a horizontal, axis in determining o
without bearing any consequence to hy,. As can be seen in Fig. 3.6a, the sets of o support frames
designed to accommodate the y = 0 case make use of this extended assumption.

Due to the large extent of the information required to describe the dimensions which are
relevant to each o condenser support frame, tables containing this material have been presented
in Appendix A: Dimensions Related to ¢ Support Frame Condensers. The corresponding figure
(see Fig. A.1) attempts to illustrate the definitions of each of the major table headings. As can be
seen, both the columns containing the height and width of the new test section are self-
explanatory. Entries under the heading "axial length between slots" correspond to the distance
along the length of the contours between the locations at which each of a pair of slots intended
for a particular condenser layer are situated. This distance, along with the width of the new test
section, determines the o of the condenser layer placed within the slots. Note that the height of
the new test section (i.e. the straight portions of each set of o support frames) was designed so as
to ensure that a distance of no more than 2 mm (0.079 in) would exist between the top and
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Figure 3.6 Typical o condenser support frames for the (a) y = 0 case and (b) y =/, case (Scale = 18:100)



condenser layer (oriented at a particular o) and the top and bottom inner surfaces of the variable
height test section.

During testing, each of the multi-layer wire-on-tube condensers formed using either the
variable Sy support frame or an o support frame is situated within both the variable height test
section and the original wind tunnel test section (see Section 3.1 - Wind Tunnel). The same
foam and acrylic barriers that were used to account for the difference in width between the inside
of the wind tunnel and that of the variable height test section are, in this case, used to block the
regions of the test and flow conditioning sections of the wind tunnel and the variable height test
section which extended beyond the width of the condenser support frame. This forces the air
flow generated by the wind tunnel to pass entirely through the volume defined by both the
variable height test section and the condenser support frame.

As can be seen in Fig. 3.5 and 3.6, the tube bends of the multi-layer condensers formed
using the support frames are not directly exposed to the forced convection air flows. That is, the
bends of each condenser layer are either recessed within foam and plywood (as in Fig. 3.5) or
they are isolated within still air by foam-lined walls (as in Fig. 3.6). Whichever the case, it is
clear that a multi-layer condenser support frame not only provides structural support and form to
each set of condenser layers, but also serves to force the air flow to which the condenser is
subjected to be drawn through the wire and tube matrix of the condenser. This may at first seem
trivial, however, the true impact of this can be seen when considering the following:

Although the wire-on-tube condensers located in actual refrigerators and those tested
using the variable height test section are subjected to tightly confined, forced convection air
flows, it is still likely that much of the air flow to which a particular condenser is subjected may
not pass through the wire and tube matrix of the condenser. Rather, much of the air may flow
around and/or through the tube bends of the condenser, effectively bypassing the wire and tube
matrix of the condenser. This results in a decrease in the air velocity (from that measured
upstream of the condenser) actually experienced by the wires and tube passes of the condenser,
which would ultimately be reflected as a decrease in the measured hy,.

By employing a set of support frames during each experiment, the air is no longer able to
flow around and/or through the tube bends of the condenser (which are either recessed within
foam and plywood or isolated within still air). As a result, the wires and tube passes of the
condenser experience air velocities which are comparable to that measured upstream of the

condenser.
3.4  Temperature Regulated Water Circulation System

A circulation system, similar to that shown in Fig. 3.7, was used to supply water at a
given temperature to each of the condensers involved in the current study. Developed by
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Swofford (1995), the system consists primarily of a preheating section and an accurate
temperature regulation section. Together these sections allow the water passing through the
system and the water entering into each of the condensers to be adjusted to and maintained at a
desired temperature.

Note that during each of the experiments water is circulated through the condensers

instead of refrigerant due to the following factors:
1. The thermophysical properties of water are accurately known.

2. The thermal resistance associated with water flowing through the condenser tube passes
is relatively small and can easily be accounted for.

3. The consequences from leaks in the circulation system are minimal, since water is
much easier to clean up than refrigerant and does not pose any health related problems.

4. Water is inexpensive.

It is important to note that, although the internal thermal resistance (between the fluid and the
inner walls of the condenser) associated with water flowing within a condenser is not identical to
that associated with a two-phase refrigerant flowing within the same condenser, the air-side
convection heat transfer performance measured from each case will be approximately the same,
assuming identical test conditions. This is a direct result of the fact that the calculation of hy,
requires that the thermal resistance contribution associated with the air-side convection heat
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Figure 3.7 Temperature regulated circulation system used to supply water to the condensers
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transfer first be isolated from the total thermal resistance. This ultimately means that, assuming
that the internal thermal resistance can be accurately determined and that there exists a finite
temperature drop across the inlet and the outlet of the condenser, almost any fluid can be
substituted for the refrigerant in the condenser.

During each experiment, water from the city water supply is allowed to enter the
circulation system. It is first passed through a water purifier to filter out impurities that may be
present. The water then passes through a pressure regulator and enters a domestic hot water
heater, where it is preheated to a temperature of 322.1 £ 5.6 K (120 = 10 °F). Upon exiting the
hot water heater, it is routed through a pair of plate-fin evaporator coils situated within an
isothermal bath. While traveling through the bath, the water participates in heat transfer with the
propylene glycol of the bath (heat exchanger effectiveness is ~ 0.99), causing the water to exit
the bath at a temperature approximately equal to that of the propylene glycol. Lastly, the water is
channeled through insulated tubing to the wind tunnel test section (see Section 3.1 - Wind
Tunnel), where it is passed through the condenser being investigated.

The isothermal bath used to accurately regulate the temperature of the water supplied to
the condensers contains forty-two gallons of propylene glycol (which is used because of its good
thermophysical properties and its non-corrosive nature) and is maintained at a nearly constant,
nearly spatially uniform temperature. A 610 mm (24 in) stainless steel sheathed thermocouple
probe inserted into the propylene glycol of the bath is used to monitor the bath temperature.
When the temperature of the bath decreases to 0.06 °C (0.1 °F) below the desired temperature, a
4 kW (13.7 kBtu/hr) heater is activated. The heater is then allowed to warm the bath until the
temperature of the propylene glycol exceeds the desired temperature by 0.06 °C (0.1 °F), at
which time the heater is again deactivated. A pair of 14.9 W (1/50 hp) immersion pumps located
within the bath are used to mix the propylene glycol in order to minimize stratification.

3.5 Experimental Set-up

In preparation for each experiment, the single or multi-layer wire-on-tube condenser
under investigation is positioned within the wind tunnel test section (see Section 3.1 - Wind
Tunnel) at a desired o and y. For purposes of this investigation, this positioning involves first
inserting the condenser within a set of multi-layer condenser support frames (see Section 3.3 -
Multi-layer Condensers and Support Frames) and then placing both the condenser and the
support frame within the variable height test section (see Section 3.2 - Variable Height Wind
Tunnel Test Section). Assuming that the correct subport frame is used, the condenser should
already be positioned with both the desired o and the desired .

After the mixing cups are used to connect the layers, only a pair openings in the resulting
multi-layer condenser, an inlet and an outlet, remain. The inlet, usually the opening furthest
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from the front of the wind tunnel (for the case of a counter flow heat exchanger), is attached to
the insulated tubing leading from the isothermal bath of the water circulation system (see Section

3.4 - Temperature Regulated Water Circulation System). The outlet is connected to a disposal

tube which leads away from the test section and to a plastic bucket where the water passing

through the condenser can be weighed.

3.6 Data Acquisition System
Over the course of a particular experiment, several measurements are obtained and

recorded. These measurements include the following:
1. The free stream air velocity (V)
. The absolute air temperature upstream of the condenser (T in)

. The absolute water temperatures at the condenser's inlet and outlet (T ip and Ty out)

2
3
4. Differences in the water temperature for consecutive mixing cups (AT, 1, ATy 2, etc.)
5. The mass flow rate of the water flowing through the condenser (my)

6

. The pressure drop across the entire multi-layer condenser (Ap)

Note that none of the measurements listed above are obtained directly from a single meter
reading. Each involves some form of mathematical manipulation in order to acquire the desired
information from one or more meter readings.

The free stream air velocity is obtained by measuring the velocity directly upstream of the
condenser. This measurement is made using a TSI 8355 Air Velocity Meter. Calibrated prior to
use, the meter bears an absolute uncertainty of £ 0.03 m/s (0.1 ft/s). The measured velocity,
Vneas, is read directly from the meter display and is adjusted to account for existing ambient

conditions using the equation

_ Tain 760 mm Hg
V= Vineas (294.25 K) ( Pamb ) (.1)

where pamp is the ambient pressure.
Copper-constantan (type T) thermocouple junctions located within the flow conditioning

section of the wind tunnel (see Section 3.1 - Wind Tunnel) are used to measure Ty jn. The
reference junction of each of these thermocouples has been carefully sealed within a Kay
Instruments ICE POINT reference to ensure that each thermocouple is referenced to 0.0 °C
(32 °F). The emf generated by the differences in the temperatures between the junctions of the
thermocouples are read directly from a Fluke digital voltmeter with a resolution of 1 pV.
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The thermocouples have each been calibrated using an isothermal bath much like that
mentioned in Section 3.4 - Temperature Regulated Water Circulation System and a thermometer
with 0.05 K (0.09 °F) resolution. The calibration curves obtained for each of the five
thermocouples used are shown in Fig. 3.8. Although the temperature-microvolt relation for each
thermocouple was approximately the same, a separate calibration curve for each was determined
in order to minimize the uncertainty in the measurements. These relations are as follows:

Taira = 273.85+(2.453801072) (uV) +(3.417601077) (uV)* - (2.2860107'%) (uv)’  (3.22)
Tairp = 274.05+(2.4457 0 1072) (V) +(5.376101077) (uV)? - (2.972¢10710) (uv)®  (3.2b)
Tairc = 273.48+(2.518901072) (V) - (5.288¢107%) (uv)? — (1485010710 (uv)®>  (3.2¢)
Tairq = 274.43+(2.313401072) (V) +(1.37420107%) (uV)? - (4.686 010710y (uv)®  (3.29)
Taire = 274.68+(2.2947 ¢ 1072) (V) +(1.487001075) (uV)? - (4.95801071%) (uv)®  (3.2¢)

where UV corresponds to the voltmeter reading in microvolts and the resulting Ta;r are in units of
K. The precision limits associated with these thermocouples range anywhere from 0.04 K

(0.06 °F) to 0.06 K (0.11 °F). For each thermocouple, three separate readings are averaged to
determine the measured air temperature, resulting in an absolute uncertainty of approximately

1 0.07 K (0.12 °F) for each measurement. A total of four of these averaged temperatures are
then also averaged to obtain the value of T, jp. Assuming that the air temperature is spatially
uniform, the absolute uncertainty of the resulting quantity is estimated to be £ 0.06 K (0.10 °F).

The absolute temperatures of the water flowing through the inlet and outlet of the
condenser are measured in much the same way as T, j5. Thermopiles, composed of a total of
four thermocouple junctions (as opposed to two in the case of a standard thermocouple), are used
to measure both Ty jn and Ty oy The use of four thermocouple junctions instead of two allows
the temperatures to be measured with a much greater resolution, nearly doubling the number of
UV corresponding to 1 K.

A pair of 1.02 mm (0.040 in) diameter stainless steel sheathed thermocouple probes
(which serve as two of the four junctions), embedded within each of the mixing cups at the both
the inlet and the outlet of the condenser, allow the absolute temperature of the water flowing
within the mixing cups to be determined. As in the case of the thermocouples used in measuring
Ta,in, 2 Kay Instruments ICE POINT reference is used to ensure that the thermopiles are
referenced to 0.0 °C (32 °F). Unlike the thermocouples, however, two reference junctions are
sealed within the ICE POINT reference. The emf generated by the differences in the
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Figure 3.8 Calibration curves used for the absolute thermocouples and thermopiles

temperatures between the mixing cups and the ICE POINT reference are also read directly from
the same Fluke digital voltmeter with a resolution of 1 pV.

Both of the absolute thermopiles have been calibrated using the same isothermal bath and
thermometer used in calibrating the air thermocouples. The calibration curves obtained for both
thermopiles are also shown in Fig. 3.8. Again, although the temperature-microvolt relations for
both thermopiles were approximately the same, a separate calibration curve for each was
determined in order to minimize the uncertainty associated with T i, and Ty out. These

temperature-microvolt relations are as follows:

Ty in = 275.01+(1.0987 ¢ 1072) (uV) +(5.1466 ¢ 1077) (uV)? - (7.670107 Hy uv)>  (3.3a)

Ty out = 275.20+(L.071101072) (uV) +(6.2852¢1077) (V)2 = (9.100107 ) @wv)®>  (3.3b)

where again UV corresponds to the voltmeter reading in microvolts and the resulting Ty in and

Tr,out are in units of K.

In an effort to reduce the error in readings which may result from conduction along the
axis of a particular thermocouple probe, each probe was inserted at least 25.4 mm (1 in) into its
corresponding mixing cup. In addition, three separate temperature readings from each
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thermopile were averaged to determine Ty i and Tr . The absolute uncertainty resulting from
these measurement is estimated to be £ 0.07 K (0.12 °F).

Differences in temperature between the water flowing through consecutive mixing cups
was measured using differential thermopiles. Like the absolute thermopiles, these thermopiles
are composed of four thermocouple junctions. The differential thermopiles, however, are not
referenced using an ICE point reference. Instead all four of the thermocouple junctions of each
differential thermopile are situated within a pair of consecutive mixing cups (two in each) in the
form of 1.02 mm (0.040 in) diameter stainless steel sheathed thermocouple probes. Again, the
emf generated by the differences in the temperatures between water flowing through the
consecutive mixing cups are read directly from the same Fluke digital voltmeter.

The calibration of the differential thermopiles was also performed using the same
isothermal bath and thermometer used in calibrating the air thermocouples. The temperature-
microvolt behavior obtained for each of the differential thermopiles are shown in Fig. 3.9. Note
that 5T/5(v01ts) has been plotted as a function of T (as opposed to T as a function of the sensor
reading) since, due to the nature of the differential thermopiles, knowledge of 5T/5(v01ts) is much
more useful than that of the absolute temperature. Note also that the scale of the y axis shown in
Fig. 3.9 ranges from 0.010 K/uV (0.018 °F/uV) to 0.013 K/uV (0.023 °F/uV). This causes any
differences between the curves shown to appear somewhat accentuated. In actuality, the curves
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Figure 3.9 Calibration curve used for the differential thermopiles
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are nearly identical. This, along with the fact that the AT, measured by these thermopiles is
equivalent to the integral of 5T/5(v01ts) with respect to the voltage (which is related to the area
beneath the curves in Fig. 3.9), indicates that a single calibration curve could be used without
incurring any significant errors. This 5T/5(v01ts)-temperature relation, based on the median curve
fit of the temperature-microvolt behavior of the thermopiles is given by

oT
d(volts)

=-0.152+(1.33801073) T—(3.4520107%) T2 +(2.720107%) T3 (3.4)

where T is in units of K.
As was the case with the absolute thermopiles, the stainless steel sheathed thermocouple

probes of the differential thermopiles were each embedded at least 25.4 mm (1 in) into their
corresponding mixing cups, helping to minimize the error in readings due to conduction along
the axis of each thermocouple probe. For each thermopile, three separate readings were averaged
to determine AT}, resulting in an absolute uncertainty of approximately £ 0.06 K (0.11 °F).

The mass flow rate of the water flowing through the condenser (which is held constant
during each experiment) was determined by measuring the amount of time required for a certain
amount of water, supplied from the outlet of the condenser, to accumulate within a plastic
bucket. A standard stopwatch, bearing an absolute uncertainty between £ 0.0063 s and
1 0.0088 s, was used to record the amount of time that elapsed between when the water was first
allowed to enter the bucket and when the water was no longer allowed to accumulate. A
Scientech SG 5000 Electronic Balance, located beneath the bucket, was used to measure the
mass of the water that had accumulated. The balance, calibrated using a 2000 £ 0.005 g
Electronic Balance Calibration Mass, has an absolute uncertainty of * 0.10 g (0.00022 lby,).

The mass flow rate of the water flowing through the condenser, m, was calculated by
dividing the mass of the water measured by the amount of time required for it to accumulate.
The absolute uncertainty of this quantity calculated from the uncertainties associated with both
the stopwatch and the balance, assuming reasonable operator biases of = 0.03 s and + 8.00 g
(0.018 1byy), is * 0.05 g/s (0.397 Ibp/hr). The precision limit due solely to the unsteadiness of
the water flow rate, however, has been measured to be £ 0.27 g/s (2.14 Ibpy/hr). As a result, the
absolute uncertainty associated with the measurement of m should actually be on the order of
* 0.27 g/s (2.14 lby/hr).

An Omega PX653 Pressure Transducer was used to measure the pressure drop across the
entire multi-layer condenser, Ap, during each experiment. Pressure taps located both upstream
and downstream of the condenser were connected to the transducer through a network of
Tygon™ tubing. An Omega digital voltmeter with a 1 mV resolution was used to display the
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output supplied by the pressure transducer.

Calibration data for the pressure transducer was supplied by the manufacturer, resulting
in a calibration curve shown in Fig. 3.10. Note that although a total of five calibration points,
ranging from O to 24.9 Pa (0.1 in H»0), were supplied by the manufacturer, the two highest
points were neglected in favor of the lower three since all of the measured Ap were lower than
the third highest point, 12.5 Pa (0.05 in H2O). The Ap-voltage relation for this curve is given by

Ap = —9.64 +11.155 (volts) — 1.25 (volts)? (3.5)

where Ap is in units of Pa. Although the manufacturer specifications indicate that the absolute
uncertainty of the Ap measured by the pressure transducer should be approximately £ 0.065 Pa
(0.0003 in HO), the actual uncertainty is expected to be somewhat higher. This is due to the
fact that (i) the pressure taps may not be exactly perpendicular to the walls of the test section and
(ii) minute leaks may exist at the interface of the variable height test section and the wind tunnel.
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Figure 3.10 Calibration curve used for differential pressure measurements
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4. DATA REDUCTION

The transfer of energy in the form of heat from a particular wire-on-tube condenser to its
environment represents a very complex and challenging problem. Some of the major
complications which result from an analysis of this type of condenser include:

1. The existence of highly non-isothermal surfaces such as those belonging to the wires of
the condenser. The average temperature of these non-isothermal wire surfaces must be

properly accounted for by determining the fin efficiency, Ny, associated with the
condenser wires for each air velocity to which the wire-on-tube condenser is exposed.

2. The presence of both tube passes and wires in the geometry of the condenser, which
allow energy to be dissipated from the condenser through multiple heat paths.

3. The existence of an intricate condenser geometry, which makes the accurate
determination of both the convection heat transfer coefficients and the radiation
exchange factors (i.e. view factors) extremely difficult.

These complexities, together, make the task of obtaining useful information from experimental
measurements seem almost insurmountable. In addition, the serpentine tube of a particular wire-
on-tube condenser may also not be bent within a single plane like those found in typical
household refrigerators. Instead, the serpentine tube (and, as a result, the overall geometry of the
condenser) may be bent or formed into a series of layers, as in the case of a multi-layer
condenser. In these instances, the heat exchanger type (e.g. counter or parallel flow) serves to
further complicate the task of determining meaningful results.

The following sections outline the method used in determining a measure of performance
for each condenser evaluated in the current study. A FORTRAN program utilizing the
procedures and equations discussed was developed and used to determine the relative
performance of each layer of a particular condenser from the experimental measurements
acquired during each test. The source code for this data reduction program, along with a
simplified program flow chart (see Fig. B1), have been provided in Appendix B: Data Reduction

Program for Multi-layer Wire-on-Tube Condensers.

4.1  Analysis of the Heat Transfer Problem

As in the case with any highly complex problem, the process of reducing the
experimental measurements acquired during each test into a meaningful measure of condenser
performance can most readily be accomplished by first attempting to segment the heat transfer
problem into several smaller, more manageable tasks. Quantities associated with these smaller
tasks can then be systematically determined and combined to find an overall solution to the

original problem.
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Before discussing the division of the heat transfer problem into smaller tasks, it is
important to note that several quantities vital to the overall solution of the problem can be
calculated directly from the measured quantities: V, Tain, Tr,in and Tt out, ATy across each
condenser layer, and m,. In the case of multi-layer condensers, the total heat transfer rate from a
particular condenser layer, qo, can be determined by performing an overall energy balance on
the fluid flowing through the serpentine tube of the condenser layer. This can be accomplished
for each layer of the condenser by using the equation

Qot =My Cpr AT 4.1)

where cp; is the specific heat of water (the fluid used in the current investigation) and AT is the
difference in water temperature across the condenser layer being evaluated.

The absolute temperature of the air to which each layer of a multi-layer condenser is
exposed can also be determined directly from the experimental data obtained. Assuming that the
air experienced by a particular condenser layer is spatially uniform in temperature and that it is
thoroughly mixed between each layer, the temperature of the air directly downstream of a
condenser layer (and, as a result, directly upstream of the successive condenser layer) can be
determined by performing an overall energy balance on the air flowing over the condenser. The
resulting equation for this can be mathematically manipulated to the yield the relation

_ q
[Talirs =[Taly + o ‘g; - 4.2)

where 1 , is the mass flow rate of the air (which is directly related V), cp 5 is the specific heat of
air, and [Tolk+1 and [T,k are the temperatures of the air directly downstream and upstream of the
kth condenser layer, respectively. Note that the labeling convention used in the current study
numbers each layer of a multi-layer condenser in ascending order from upstream to downstream
of the condenser. Figure 4.1 illustrates this index notation for multi-layer condensers used as
both counter flow and parallel flow heat exchangers.

With qiot, [Talk+1, and [Talk already determined for each layer of a particular multi-layer
wire-on-tube condenser, the process of determining the performance of each condenser layer
based on experimental data can be initiated by first considering the total thermal resistance
between the fluid flowing within a particular condenser layer and the layer's environment, Ryot.
This resistance, which is directly related to the temperature difference between the fluid flowing
within the layer and the layer's environment and inversely proportional to q¢ot, can be used as a
reference in determining the relative importance of some of the thermal resistances from which

Riot is composed.
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Figure 4.1 Index notation used in labeling the layers of multi-layer
condensers in (a) counter flow and (b) parallel flow

Energy dissipated from the fluid flowing within a particular condenser layer is transferred
through convection heat transfer to the inner surface of the condenser tube. The corresponding
thermal resistance, Rjpt, can be used, along with Ry, [Talk, and [Trlk+1/2 (the average
temperature of the fluid flowing through the kth layer) to estimate the average surface
temperature of the inside of the condenser tube.

The energy passing from the condenser fluid to the inner surface of the condenser tube is
also conducted through the wall of the condenser tube. Since (i) wires are welded at discrete
locations with a spacing of Sy, along the outer surface of the condenser tube and (ii) a majority of
the energy is expected to be dissipated from the condenser through the wires, the conduction
occurring through the condenser tube wall cannot be accurately evaluated by assuming purely
radial (i.e. one-dimensional) heat flow. Instead all three dimensions, radial, circumferential, and
axial, must be considered when evaluating the conduction heat transfer rates.

Assuming that the thermal conductivity of the steel condenser tube is uniform along the
entire layer, the governing equation for three-dimensional conduction heat transfer within the
wall of the condenser tube takes the form of
13( aT) 1 9°T  &°T

et el DTl TR 4.3
r or rar +r2 a¢2+az2.- 0 (4.3)

33



where r, ¢, and z correspond to locations in the radial, circumferential, and axial directions,
respectively. In order to simplify the analysis, the heat transfer rates in the radial direction and
both the circumferential and axial directions together can be assumed to be independent of one
another. That is, the magnitude of g, is assumed to have no effect on the calculation of g¢ + q;
and, similarly, the magnitude of q¢ + g, is assumed to have no effect on the calculation of g;.
Consequently, the governing equation shown in Eq. (4.3) can be separated into two distinct

equations

o( aT\_ 1 9°T  3%T
g(r—a—r)_() ?W-F?_O (44a&b)

where Eq. (4.4a) and (4.4b) correspond to the heat flux component in the radial direction and
both the circumferential and axial directions together, respectively.

In choosing to solve Eq. (4.4), a thermal resistance associated with the radial conduction
through the wall of the condenser tube, Rcond,t, can be calculated and used, much like Rjp¢, to
estimate the average temperature of the outer surface of the condenser tube, T, Once the T, for
each layer of a multi-layer condenser is known, the radiation heat transfer rate and, as a result,
the convection heat transfer rate, from the tube passes and wires of the condenser can be
estimated. Effective wire surface temperatures can be approximated by evaluating the effect of
the circumferential and axial conduction within the condenser tube (see Section 4.4 - Effect of
Thermal Constriction) and by accounting for the fin efficiency of the wires, Ny,

By now it should be clear that each condenser layer has multiple paths through which
energy from the fluid flowing within it can be dissipated. In general, the rate at which the energy
flows (i.e. the heat transfer rate) is greatest through the path which affords the lowest thermal
resistance. The air-side thermal resistances, composed of resistances associated with the
convection and radiation heat transfer rates from the tube passes (Rconv,t and Rrad ) and wires
(Reonv,w and Rrad,w), together account for the largest portion of Ryt (Admiraal and Bullard,
1993). Unfortunately, due to the composition of wire-on-tube condensers, all of the energy
leaving a particular condenser must flow through one of these air-side thermal resistances.

In an earlier study, Hoke (1995) and Swofford (1995) determined that the air-side
convection heat transfer performance of a wire-on-tube condenser can be increased significantly
by increasing o of the condenser. This increase in performance corresponds to a decrease in
either one or both of the air-side convection resistances (Rcony,t and Reonv,w), ultimately
increasing the rate at which energy can be dissipated from the condenser. Since (i) the air-side
radiation resistances (Rrad,+ and Rrad,w) were found to be approximately the same under most
circumstances and (ii) the air-side convection and radiation resistances exist in a parallel
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relationship which allows the total heat transfer rate to be changed significantly without altering
either Rpad t and Rpad w, it can easily be concluded that a sensible measure of the heat transfer
performance of a particular wire-on-tube condenser should be based primarily on the air-side
convection heat transfer performance of the condenser.

4.2  Air-side Convection Heat Transfer Coefficient

The key to successfully determining a useful measure of performance for each wire-on-
tube condenser from the experimental measurements lies in the proper definition of the air-side
convection coefficients, h; and hy,, which are associated with the convection heat transfer
between the outer surfaces of the condenser tube passes and wires, respectively, and the air to
which the condenser is exposed. This is due primarily to the fact that (i) the air-side convection
heat transfer rate can be drastically increased by altering such parameters as V, o, ¥, and the
geometry of the condenser (while the radiation heat transfer rate is nearly constant under most
circumstances) and (ii) the overall size of a particular condenser is often limited by economics
and the availability of space within the refrigerator. As will be shown in the following text, h;
and hy, are interdependent and their exact relationship may be approximated with little
consequence. As a result, the heat transfer coefficient associated with the condenser wires, hy,
may be used, instead of both h; and hy, as the primary measure of heat transfer performance for
wire-on-tube condensers.

Assuming that (i) the outer surface temperature, T, across the tube passes of a particular
condenser layer is uniform (i.e. ignoring the effects of circumferential and axial conduction on
T)), (ii) the temperature of the air to which the condenser is exposed is also spatially uniform,
and (iii) the extent to which the boundary layers of the condenser tube passes and the wires
interact can be ignored, the total convection heat transfer rate from a particular wire-on-tube
condenser layer can be determined using the relation

Qconv = At hy (Tt _[Ta]k)+ Aw by (TW _[Ta]k) (4.5)

where Ty, is the average surface temperature of the condenser wires.

Note that, at this point, assuming that qcony can be accurately obtained from goy,
Eq. (4.5) has a total of three undefined values: h¢, hy, and T . As mentioned previously,
however, h; and hy, are interdependent and, as a result, h; need not be found. Furthermore, as the
primary measure of heat transfer performance for wire-on-tube condensers, hy, should be the
only unknown in Eq. (4.5). Consequently, the average surface temperature of the condenser
wires, T w, must somehow be related to quantities which are either known or can be determined

from what is known.
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resulting log-mean temperature difference, ATy, between the outer surface temperatures of the

condenser tube and the surrounding air can be calculated using

(Tt,in - [Ta ] k ) - (Tt,out - [Ta ] k )

ATy, =
m [ Tt,in "[Ta]k J
In

Tt,out - [Ta ] k

(4.14)

where Ty iy and Ty oy are the outer surface temperatures at the inlet and outlet of the serpentine
tube of the condenser layer, respectively. Equation (4.13) can then be adjusted to account for the
non-uniformity of the condenser tube outer surface temperature by replacing the temperature
difference (T - [Talk) with ATy, as follows:

9conv (4.15)

A
t* +Ne Mw Aw ATlm
V Dt

In addition to neglecting the possibility of differences in the outer surface temperatures
between consecutive the tube passes in the development of Eq. (4.13), the effect of
circumferential and axial conduction on T was also ignored. This allowed the regions around
each wire and tube interface to be spatially uniform in temperature. It is important to note,
however, that q is expected to be significantly higher than q;. As a result, by ignoring that the
effects of the circumferential and axial conduction on T, the resulting error should be

hy,

negligible.

4.3 Internal Convection and Radial Tube Conduction

The thermal resistances associated with (i) the convection heat transfer between the fluid
flowing within the condenser and the inner surface of the condenser tube, Rjy¢, and (ii) the
conduction heat transfer occurring radially through the wall of the condenser tube, Reond,t, can
each be determined without the use of significant assumptions. Although both of these
resistances are relatively small in magnitude, the calculation and removal of their effects plays a
role in normalizing the experimental results to account for variations in such variables as m,
D¢ i, and the outer diameter of the condenser tube beneath the paint, Dy pare.

The resistance Rjp; can be determined by aséuming that (i) the fluid flow within the
condenser tube passes is fully developed both hydrodynamically and thermally, (ii) the fluid flow
is turbulent (Rep,; > 2300), (iii) the inner surface of the condenser tube is smooth, and (iv) either
the heat flux or the temperature is nearly uniform across the entire inner surface of each
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A relation between Ty, and the temperature at the base of each of the condenser wires,
Twbase, can be determined by examining the definition of the fin efficiency of the condenser

wires given by

tanh(m) _ Ty, "[Ta]k

(4.6)
v m Twbase = [Ta ] Kk

where m is the dimensionless fin parameter associated with each condenser wire. The square of
this parameter, m2, is equal to the ratio of the internal axial resistance associated with the
conduction heat transfer within the condenser wires and the external resistance associated with
the convection heat transfer between the wire surfaces and the surrounding air. This ratio, m2, is

2
m2~—PwSt @.7)
ks Dw,bare

where Dy, pare is the condenser wire diameter beneath the paint (i.e. Dw,bare = Dw - 2°8p w) and
ks is the thermal conductivity of the steel condenser wires.
The substitution of Eq. (4.6) into Eq. (4.5) yields the relation

Qeconv = A¢ by (Tt - [Ta]k)"'nw Ay, hy, (waase _[Ta]k) 4.8)

Again the relation has two undetermined quantities (since h; and hy, are related), hy, and Tybase-
However, if an effective thermal constriction efficiency, 1¢, which accounts for the
circumferential and axial conduction within the condenser tube to the locations at which the
wires are welded, is defined as

_ waase _[Ta]k 4.9)

Ne=—=
¢ T, —[Ta],

then Eq. (4.8) can be rewritten as
9conv = (At he +1c Ny Ay hw) (Tt - [Ta]k) (4.10)

where 1¢ is dependent on the convection heat transfer coefficient of the fluid within the
condenser tube, hy, as well as the geometry of the condenser (see Section 4.4 - Effect of Thermal

Constriction).
Assuming that hy, is constant over the surface area of all of the wires of a particular
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condenser layer. Under these assumptions, a local Nusselt number, Nuy, associated with the fluid
flowing through each condenser layer can be computed using a correlation proposed by
Gnielinski (Gnielinski, 1976). This relation, which is valid for conditions where

2300 <Rep,; <5 * 106 and 0.5 < Pr; < 2000, takes the form of

(e o

M 1+127(V) (Pr2/3 1)

where Rep,; and Pr; are the Reynolds number (with characteristic dimension Dy ;) and Prandtl
number associated with the fluid flowing through the condenser, respectively, and f is the
friction factor which, in the case of smooth tubes, can be expressed as

- [0. 791n(Rep,, -1 64]—2 4.17)

Once the Nuy associated with each condenser layer has been determined, the convection heat

transfer coefficient corresponding to each can be calculated using

h, = Nur Kr (4.18)
Dy;

where k; is the thermal conductivity of the condenser fluid (i.e. water). These values of h; can
then in turn be used in determining the Ry associated with each layer using the relation

1
R, =— 4.19
nt hr At,i ( :

where Ay is the internal surface area of the tube passes of a particular condenser layer.

The resistance obstructing the axial heat flow through the wall of the condenser tube,
Rcond,t, can be determined by examining the heat flow between two concentric cylinders.
Assuming uniform heat fluxes and temperatures across both the inner and outer surfaces of the

condenser tube, Reond ¢ can be calculated using

Dy 1n[D"ba‘% ]
bl (4.20)

Rcond,t = QA -k
‘A1 Bs

where kK is the thermal conductivity of the steel condenser tube.
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4.4  Effect of Thermal Constriction
The thermal constriction arises from the fact that a portion of the total energy being

transferred from the fluid flowing within the condenser tube is dissipated through the wires of the
wire-on-tube condenser. To do this, the energy must first be conducted from the inner surface of
the condenser tube to the locations along the outer surface of the condenser tube on to which the
wires are welded. This conduction from a relatively large area to a much smaller area results in
the formation of temperature gradients (in the circumferential and axial directions) around each
weld, causing the additional thermal resistance to be created.

In evaluating the effect of the thermal constriction, it is important to first note that the
geometry of a typical wire-on-tube condenser (excluding the tube bends of the condenser) can be
thought of as being composed of a series of identical pieces, with each piece consisting of
portions of a single condenser tube pass and a single wire, as shown in Fig. 4.2a. As can be seen,
the boundaries of the highlighted piece's domain occur midway between consecutive condenser

wires and consecutive condenser tubes.

(a)

(b) ©

Figure 4.2 Tllustrations of (a) the repetitive nature of the geometry of a typical
wire-on-tube condenser, (b) a representative portion of the
condenser, and (c) a representative wireless condenser portion

Assuming that the heat fluxes and temperatures are nearly the same for each piece of the
condenser, an analysis of the entire wire-on-tube condenser may be performed by evaluating a
single portion of the condenser, much like that shown in Fig. 4.2b. If the temperature, Twbase, is
also assumed to be spatially uniform across the entire weld spot, then the presence of the wire
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segment becomes inconsequential to the analysis of the effects of thermal constriction within the
condenser tube. As a result, the wire segment may be removed, as shown in Fig. 4.2c.

By further assuming that the effects of thermal constriction are independent of radial
location within the condenser tube, the problem may be treated as being two-dimensional. This
allows the rounded domain of the condenser tube piece to be represented as a rectangular region
with side dimensions ™t/ and Sy,. Figure 4.3 shows a flattened view of the condenser portion
and the corresponding weld spot area associated with each of the wire-on-tube condensers
involved in the current study. Due to the presence of symmetry, only a quarter of each of the
portions shown will actually be used to evaluate the effects of the thermal constriction. These
quarter portions, along with the isotherms (lines of constant temperature) and adiabats (heat flow
lines) associated with the thermal constriction around each weld, are also shown in Fig. 4.3.

Coil 6 Coils 8 & 9 Coil 10

Sw = 6.07 mm Sw = 6.35 mm Sw=5.08 mm
(0.239 in) (0.250 in) (0.200 in)

Figure 4.3 Flattened views of the representative wireless portion of each condenser tested
(see Table 3.1) and the thermal constriction that occurs within the each portion

As is the case with energy transfer involving any extended surface, the convection heat
transfer rate (assuming qconv >> qrad) to and from the condenser tube portion is critical in
determining the fin efficiency, 1, with which the tube portion participates in convection heat
transfer with its environment. This problem is compounded, however, by the fact that the
condenser tube has two fluids with which it participates in convection heat transfer, the
condenser fluid (i.e. water for purposes of this study) flowing within the tube and the air flowing
around the tube's exterior. Since the heat transfer rate between the inside of the condenser tube
and the condenser fluid is much greater than that bétween the outer surface of the condenser tube
and the surrounding air, the latter heat transfer rate can, at this point, be assumed to be negligible.
The fin efficiency of the condenser tube, 1, can then be easily defined as
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T =T (4.21)

N =
Tr - waase

Based on the definition of 1 given in Eq. (4.21), a FORTRAN program utilizing the
finite-volume method of discretization was written and used to numerically determine an explicit
function defining M in terms h; for each of the condensers involved in the current study. When
executed, the program subjects the entire domain of a particular condenser portion (see Fig 4.3)
to convection heat transfer with the condenser fluid using a specified h;. The nodes
corresponding to the weld spot are held at a constant temperature Ty pase throughout the analysis,
while conduction heat transfer is allowed to occur between nodes within the domain. In addition,
the boundaries of the domain are treated as being adiabatic. This forces any energy leaving the
domain through conduction heat transfer to pass through one of the nodes corresponding to the
weld spot.

Approximate dimensions for the weld spot associated with each of the condensers were
determined by averaging the measurements obtained from at least twenty different wire samples
belonging to each of the condensers tested. These measurements were then inputted into the
program along with the overall dimensions, ™Pt/4 and S¥/, associated with the rectangular
portions of each condenser tube section. The source code for the finite-volume program is
shown in Appendix C: Program Used to Evaluate the Fin Efficiency of the Condenser Tube
Passes, along with an illustration of the relative sizes of the weld spot and nodes used in
discretizing the domain for each of the wire-on-tube condensers tested.

The n-hy relations determined using this procedure for the wire-on-tube condensers

involved in the current study are as follows:

Necoil 6 =1~ (9.82630107) h; +(8.461010~%) h? — (3.5651¢10713) 13 (4.22a)
Ne.coil 8&9 = 1—(1.01350107) h, +(8.9264 #10~°) h? - (3.8074 ¢ 10713 n? (4.22b)
Necoil10 = 1 - (7.918101075) h, +(5.908 107°) h? — (2.2998 0107 13) 13 (4.22¢)

where N coil 6, Nt,coil 8&9, and Mecoil 10, are the n; corresponding to Coil 6, Coils 8 and 9, and
Coil 10 (see Table 3.1), respectively, and h, is in terms of W/m2-K.

Although the convection heat transfer occurring between the outer surface of the
condenser tube and the surrounding air was ignored in developing Eq. (4.22), its existence can be
reintroduced into the overall thermal constriction analysis by determining an effective heat
transfer coefficient which accounts of the combined effect of the both the internal (between the
condenser fluid and the inner tube surface) and external (between the outer tube surface and the
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air) convection heat transfer rates. This effective heat transfer coefficient, h eff, is defined as
hr,eff At,i (Tr - Tt) = (qconv,tot ~ 9conv,t (4.23)

where qconv,tot and qconv,t are equal to the internal and external heat transfer rates, respectively.
Equation (4.23) can be simplified to express hy eff explicitly as

9conv,tot ~ 9conv,t
h off = 2 — (4.24)
P A (T -Ty)

Note that gconv,tot and qconv,t are not totally independent. By performing an overall energy
balance on the condenser tube, an equation relating the internal and external heat transfer rates

can be expressed as
Qconv,tot = dconv,t +Gconv,w =hr Agj (Tr - Tt) (4.25)

where q¢onv,w can be thought of as being the portion of energy transferred from the condenser
fluid that is not dissipated from the outer tube surface of the wire-on-tube condenser. Using
Eq. (4.25), Eq. (4.24) can be mathematically manipulated as follows:

h _ hy Ag; (Tr - Tt)_ 9conv,t
relt Ay (T =Ty

(qconv,tot - qconv,w)
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