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ABSTRACT

In the first part of the current thesis, two fundamental numerical models (Fin2D-W and
Fin1D-MB) for analyzing the air-side performance of minichannel evaporators were de-
veloped and verified. The Fin2D-W model applies a comprehensive two-dimensional
scheme to discretize the evaporator. On the other hand, the Fin1D-MB model is based
on the one-dimensional fin theory in conjunction with the moving boundaries technique
along the fin height. The first objective of the two presented models is to identify and
quantify the most influential phenomena encountered in the process of cooling and de-
humidification. The second objective is to study the impact of the classical modeling
assumptions on the air-side performance of minichannel evaporators. Different compar-
ative studies between the traditional e-NTU approach and the proposed numerical mod-
els were implemented to achieve the mentioned goals. The results revealed that the mod-
eling assumptions which have the most significant impacts on the heat and mass transfer
rates are: the uniform air properties along the fin height, adiabatic-fin-tip at half the
height, and negligence of partial dehumidification scenarios. These widely used assump-
tions resulted in substantial deviations in total heat transfer rate, up to 52%, between the
&-NTU approach and Fin2D-W model.

In the second part of the thesis, the Fin1D-MB model was integrated into the IMST-
ART® simulation tool to evaluate the global performance of minichannel evaporators
(air- and refrigerant-side). The Fin1lD-MB model was selected because of its simplicity,
calculation speed, and reasonable solution accuracy relative to the Fin2D-W model. The
validation of the complete Fin1D-MB model was conducted against many experimental
data and numerical models available in the literature. The validation process was
achieved for different heat exchanger geometries, refrigerants, and operating conditions.
The results showed that for the R134a minichannel evaporators studied, the Fin1D-MB
model successfully predicted the Inlet refrigerant and outlet air temperatures, cooling
capacity, and refrigerant-side pressure drop within error bands of +0.5 °C, £5%, and
+20%, respectively. For the CO; (R744) minichannel evaporator studied, the presented
model estimated the cooling capacity and outlet air temperature within error bands of
+10% and £1.0 °C, respectively. Regarding the CO; pressure drop, the Fin1D-MB model
generally underpredicted the pressure drop values compared to the experimental data,
with a maximum deviation of 11 kPa.
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RESUMEN

En la primera parte de la tesis actual, dos modelos numéricos fundamentales (Fin2D-W
y FinlD-MB) para analizar el lado del aire de los evaporadores de minicanales se han
desarrollado y verificado. EI modelo Fin2D-W aplica un esquema detallado de dos di-
mensiones para discretizar el evaporador mientras que el modelo Fin1D-MB se basa en
la teoria de la aleta unidimensional junto con la técnica de fronteras méviles para el lado
del aire. El primer objetivo de los dos modelos presentados es identificar y cuantificar
los fendmenos mas influyentes encontrados en el proceso de enfriamiento y deshumidi-
ficacion. El segundo objetivo es estudiar el impacto de las hipétesis cominmente usadas
en el modelado de la transmision de calor del aire de los evaporadores de minicanales.
Se implementaron diferentes estudios comparativos entre el enfoque tradicional e-NTU
y los modelos numéricos propuestos para alcanzar los objetivos mencionados. Los re-
sultados muestran que las hip6tesis que provocan una mayor desviacién con respecto a
la solucidn detallada en la transferencia de calor y masa son: propiedades de aire uni-
forme a lo largo de la altura de la aleta, extremo adiabético de aleta a mitad de su longi-
tud, y no contemplar el supuesto de deshumidificacion parcial en la aleta. Estas hipotesis
ampliamente utilizadas han resultado en errores importantes en la transferencia de calor
total, hasta un 52%, entre el enfoque e-NTU y el modelo Fin2D-W.

En la segunda parte de la tesis, el modelo Fin1D-MB se integr6 en la herramienta de
simulacion IMST-ART® para evaluar el rendimiento global de los evaporadores de mi-
nicanales (en el lado del aire y del refrigerante). EI modelo Fin1D-MB se seleccion6
gracias a su simplicidad, velocidad de calculo, y solucion de una precisién razonable
relativa al modelo Fin2D-W. Se realiz6 una validacion del modelo completo Fin1D-MB
con la ayuda de datos experimentales y modelos numéricos ya disponibles en la litera-
tura. El modelo se ha validado para diferentes geometrias de intercambiadores de calor,
refrigerantes y condiciones de funcionamiento. Los resultados han mostrado que para los
evaporadores de minicanales funcionando con el refrigerante R134a, el modelo Finl1D-
MB predice de manera correcta las temperaturas de entrada del refrigerante y de salida
del aire, la capacidad de enfriamiento, y la caida de presion del lado de refrigerante den-
tro de las bandas de error de 0.5 °C, £5%, y +20%, respectivamente. Para el evaporador
de minicanales con CO; (R744) estudiado, el modelo estima la capacidad de refrigera-
cién y la temperatura de salida del aire dentro de las bandas de error de £10% y +1.0 °C,
respectivamente. En cuanto a la caida de presion de COg, el modelo Fin1D-MB general-
mente predice a la baja los valores de la caida de presién en comparacién con los datos
experimentales, con una desviacién maxima de 11 kPa.







RESUM

A la primera part de la tesi actual, dos models numérics fonamentals (Fin2D-W i Fin1D-
MB) per analitzar el costat de 1’aire dels evaporadors de minicanals S'han desenvolupat
i verificat. Al model Fin2D-W s'aplica un esquema detallat de dues dimensions per
discretitzar I'evaporador mentre que al model Fin1D-MB es basa en la teoria d’aleta
unidimensional juntament amb la tecnica de frontera mobil per al costat de l'aire. El
primer objectiu dels dos models presentats és identificar i quantificar els fenomens més
influents trobats en el procés de refredament i deshumidificacid. El segon objectiu és
estudiar l'impacte de les hipotesis comunament utilitzades en el modelatge de la
transmissié de calor de l'aire dels evaporadors de minicanals. Es van implementar
diferents estudis comparatius entre l'enfocament tradicional &-NTU i els models
numerics proposats per assolir els objectius esmentats. Els resultats mostren que les
hipotesis que provoguen una major desviacio respecte a la solucié detallada a la
transferéncia de calor i massa son: propietats d'aire uniforme al llarg de l'altura de l'aleta,
extrem adiabatic d'aleta a la meitat de la seua longitud, i no contemplar el supdsit de
deshumidificacié parcial en l'aleta. Aquestes hipotesis ampliament utilitzades donen
errors importants en la transferéncia de calor total, fins a un 52%, entre I'enfocament -
NTU i el model Fin2D-W.

A la segona part de la tesi, el model FinlD-MB es va integrar en I'eina de simulacié
IMST-ART® per avaluar el rendiment global dels evaporadors de minicanals (al costat
de l'aire i del refrigerant). EI model Fin1lD-MB es va seleccionar gracies a la seva
simplicitat, velocitat de calcul, i solucié d'una precisio raonable relativa al model Fin2D-
W. Es va realitzar una validacié del model complet Fin1D-MB amb I'ajuda de dades
experimentals i models numeérics ja disponibles a la literatura. EI model s'ha validat per
a diferents geometries d’intercanviadors de calor, refrigerants i condicions de
funcionament. Els resultats mostren que per als evaporadors de minicanals funcionant
amb el refrigerant R134a, el model FinlD-MB prediu de manera correcta les
temperatures d’entrada del refrigerant i de sortida de l'aire, la capacitat de refreda-ment,
i la caiguda de pressio del costat de refrigerant dins de les bandes d'error de +0.5 °C,
+5%, i £20%, respectivament. Per a l'evaporador de minicanals amb CO; (R744)
estudiat, el model estima la capacitat de refrigeracié i la temperatura de sortida de l'aire
dins de les bandes d'error de £10% i £1.0 °C, respectivament. Pel que fa a la caiguda de
pressio de CO-, el model Fin1D-MB generalment prediu a la baixa els valors de la
caiguda de pressio en comparacié amb les dades experimentals, amb una desviacio
maxima d’11 kPa.
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1.1 Introduction

A heat exchanger is a device that is used to transfer thermal energy (enthalpy) be-
tween two or more fluids, between a solid surface and a fluid, or between solid par-
ticulates and a fluid, at different temperatures and in thermal contact. In heat ex-
changers, there are usually no external heat and work interactions.

Typical applications involve heating or cooling of a fluid stream and evaporation or
condensation of single- or multi-component fluid streams of concern. In other appli-
cations, the objective may be to recover or reject heat, or sterilize, pasteurize, frac-
tionate, distil, concentrate, crystallize, or control a process fluid.

The present work is focusing on specific applications of heat exchangers that include
heating, ventilation, air-conditioning and refrigeration (HVAC&R) by using air as a
secondary fluid. Figure 1.1 shows some of the heat exchangers used in these appli-
cations.

Refrigeration and air conditioning systems have become an integral part in the design
of spaces occupied by people and intended to provide controlled thermal, humidity,
cleanliness, and/or other process requirements. As we strive to design these systems,
the constraints imposed on the size and specific dimensions of the system compo-
nents are becoming increasingly important, while the operating cost remains a criti-
cal factor with high energy prices. The impetus for improving the energy efficiency
of refrigeration and air-conditioning equipment becomes clear when we recognize
that this sector accounts for 15 percent of total energy consumption worldwide
(Kandlikar, 2007). Another issue of great environmental concern is the release of
large quantities of refrigerants. The necessity to design a low refrigerant system in-
ventories become more important to reduce the risk of accidental leakage with harm-
ful effects on the environment. According to what discussed before, we can summa-
rize the major challenges facing the refrigeration and air conditioning industry as
follows:

i) improving the system coefficient of performance (COP),
ii) reducing the total refrigerant charge in the system,

iii) reducing the footprint and size of the equipment, and

iv) meeting these challenges in a cost-effective manner.

In a conventional refrigeration/air conditioning unit, the heat exchangers offer sig-
nificant potential for addressing the above challenges, which are somehow similar
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to those faced in other applications, including absorption refrigeration, air liquefac-
tion, automotive air conditioning, and high flux chip cooling.

(b) Round-tube and plate-fin heat exchanger

(a) Mini/Microchannel heat exchanger (MCHX). (RTPFHX).

(c) Tube and wire heat exchanger.

Figure 1.1. Common types of air-to-refrigerant heat exchangers used in HVAC&R.

1.2 Channel Size Classification of a Heat Exchanger

Channel classification based on hydraulic diameter is intended to serve as a simple
guide for conveying the dimensional range under consideration. Channel size reduc-
tion has different effects on different processes. Deriving specific criteria based on
the process parameters may seem to be an attractive option, but considering the num-
ber of processes and parameters that govern transitions from regular to microscale
phenomena (if present), a simple dimensional classification is generally adopted in
literature (Kandlikar and King, 2006). The classification proposed by Mehendale et
al. (2000) divided the channels size range as follows:

e Microchannels: 1 to 100 pm.
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e Meso-channels: 100 um to 1 mm.
e Compact passages: 1 to 6 mm.
o Conventional passages: > 6 mm.

Kandlikar and Grande (2003) considered the rarefaction effect of common gases at

atmospheric pressure. Table 1.1 shows the ranges of channel dimensions that would
fall under different flow types.

Table 1.1. Channel dimensions for different types of flow for gases at one atmospheric
pressure (Kandlikar and Grande, 2003).

Channel dimensions (pum)

Continuum Transition Free molecular
Gas flow Slip flow flow flow
Air =67 0.67-67 0.0067-0.67 <0.0067
Helium >194 1.94-194 0.0194-1.94 <0.0194
Hydrogen >123 1.23-123 0.0123-1.23 <0.0123

However, Kandlikar and King (2006) presented later a more general and simple
scheme based on the smallest channel dimension, as shown in Table 1.2.

Table 1.2. Channel size classification (Kandlikar and King, 2006).

Conventional-channels ‘D>3mm
Minichannels 3mm=>D>200 pm
Microchannels 200 um>D > 10 pm
Transitional channels: 10 yum>D > 0.1 pm
e Transitional microchannels 10pm>D>1 pm
e Transitional nanochannels l um>D>0.1 um
Molecular nanochannels 0.1 um>D

*D is the minimum channel dimension.

The classification scheme in Table 1.2 is essentially employed in literature, besides
the current work, for ease in terminology.

1.3 Minichannel Heat Exchangers (MCHXs)

Extruded aluminum multi-port minichannels is a technology that has increased the
heat transfer and performance of condensers and evaporators for air-conditioning
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systems especially in vehicles. Industries are actively investigating the use of mini-
channel tubes for many other heat transfer applications in refrigerators, and house-
hold air conditioning.

A typical MCHX employs a flat tube with circular, or non-circular passages of 0.5—
2.5 mm hydraulic diameter, with an average width of 25 mm, and length dependent
on the refrigerant and operating conditions. These heat exchangers are generally em-
ployed in refrigerant-to-air heat exchangers, with folded louvered fins employed on
the air-side. Figure 1.2 shows a schematic of a MCHX condenser.

Multilouver center

Reinforcement

o6
g Multiport tube | APTEEE NEUE AR,
B
L .
Frotum tank—"| §15 Circular channels
E 7 0. Refrigerantin
Iy (gas)
g b 1
ettt Non-Circular
channels

Lo Refrigerant out
(liquid)

Header

Figure 1.2. Schematic of a compact minichannel condenser (Shah, 1983).

1.3.1  Advantages of MCHXs

1.3.1.1  Heat exchanger size reduction

The reduction in the internal volume and the overall size of the heat exchanger (com-
pactness) is one of the great advantages offered by minichannels. The fundamental
parameter describing compactness is the hydraulic diameter Dy which can be defined
as:

Dp =— (1.1)

where Vs and A are the enclosed wetted volume, and surface area, respectively.
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The surface area density ¢ [m?/m?], which relates As to the overall surface volume V,
also often used as a measure of compactness (Hesselgreaves, 2001).

do
, A 4o
V. D,

where 6=V4/V is the surface porosity.

(1.2)

For the same value of porosity, for example ¢ = 0.75, a minichannel heat exchanger
of 1 mm hydraulic diameter gives surface area density of 3000 m?/m?, compared to
300 m?/m?3 for a macrochannel (conventional-tube) heat exchanger of 10 mm hydrau-
lic diameter. This simple example markedly demonstrates that for the same internal
volume, MCHXs provide ten times larger surface area as compared to conventional-
channel heat exchangers.

1.3.1.2  Heat transfer enhancement

For a single side, a specific heat load, Q, is expressed through the following basic
heat transfer equation

Q=a A -AT (1.3)
where a and AT are the heat transfer coefficient and temperature difference, respec-

tively. For convenience, the influence of wall resistance and surface efficiency on a
is neglected.

By employing Equation (1.2) into Equation (1.3), the specific heat load Q can further
be written in the following expression:
4oV

Q=05D—hAT (1.4)

Under the assumption of fully developed laminar flow the Nusselt number Nu is
constant, does not depend on Reynolds number Re, and the heat transfer coefficient
varies inversely with channel hydraulic diameter as given by the following equation:

K
a=Nu— (1.5)

Dn
where k is the thermal conductivity of the fluid.
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Substituting the value of « in Equation (1.4), and dividing by V, gives

Q _40-Nu-k-AT o)
Vv Dﬁ '

Hence, in cases of laminar flow and for given values of ¢ and 47, the heat transfer
rate per unit volume is proportional to the inverse square of the hydraulic diameter
of the heat exchanger tube.

1.3.1.3  Reduction in refrigerant charge

The refrigerant charge is another major consideration from the overall cost and en-
vironmental viewpoints. The amount of refrigerant in large industrial refrigeration
equipment can be in the range of several hundred kilograms. Using minichannels
reduces the internal volume of the heat exchangers with a significant reduction in the
refrigerant charge. Hrnjak (2005) presented a study focusing on charge reduction
strategies in ammonia refrigeration systems. He recommended using smaller diam-
eter channels and plate heat exchangers with small gaps. A higher void fraction in
the heat exchanger is desirable from this standpoint. Hrnjak reported the following
specific refrigerant charge per kW of heat removal rate in ammonia systems:

e Air-cooled condensers: 18-159 g/kW.
o Water-cooled condensers: 23-228 g/kW.
e Condensers with minichannels: 5-10 g/kW.

In ammonia evaporators, Pearson (2003) and Ayub (2004) provided the following
values for typical specific charge in different heat exchanger types:

e Shell-and-tube: 1000 g/kW.
o Plate: 500 g/kW.

o Gravity-fed plate: 250 g/kW.
e Spray-type: 54-113 g/kW.

Ayub (2005) reported that the values of the refrigerant charge in a direct expansion
evaporator employing 15 mm enhanced tubes of around 75 g/kW for a 100-ton evap-
orator under Air-conditioning and Refrigeration Institute (ARI) conditions. Signifi-
cant refrigerant charge reductions can be obtained by employing minichannel heat
exchangers in these systems. Considering the surface area and performance enhance-
ments presented earlier with minichannels, a design goal of 10-20 g/kW for refrig-
erant charge seems feasible in evaporators.
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Hrnjak (2005) also suggested increasing the void fraction in condensers and evapo-
rators in order to reduce the refrigerant charge in a system.

1.3.2 Disadvantages of MCHXs

The reduction of channel size is desirable to enhance the heat transfer rate as dis-
cussed before; however, it has an adverse effect on the pressure drop. The pressure
gradient (pressure drop per unit length) drastically increases with channel size re-
duction, but it was also noted that minichannel heat exchangers need to be suitably
designed to provide short flow lengths and enough face area to limit the overall pres-
sure drop (Kandlikar and Grande, 2003).

The other common disadvantages which reported in the literature include: high cost
of manufacture, and in case of evaporators problems to drain the condensate water
(Pettersen et al., 1998; Qi et al., 2009; Zhang and Hrnjak, 2010; Moallem et al.,
2012); and refrigerant flow maldistribution (Kulkarni et al., 2004; Brix et al., 2010;
Nielsen et al., 2012).

Additionally, the macroscale (>3 mm) two-phase flow methods do not usually work
very well when compared with data for channels below about 3mm diameter (mi-
croscale). Thus, it is very risky to extrapolate macroscale two-phase flow pattern
maps, flow boiling heat transfer methods and two-phase pressure drop models to
micro/minichannels, except for specific documented cases. Furthermore, many of
the controlling phenomena and mechanisms change when passing from macrochan-
nel two-phase flow and heat transfer to micro/minichannels. For example, surface
tension (capillary) forces become much stronger as the channel size diminishes while
gravitational forces are weakened. In the literature, existing many efforts related to
this topic, among these: Kandlikar (2002), Thome (2004), Garimella et al. (2005),
Cavallini et al. (2005), Kandlikar et al. (2006), Revellin and Thome (2007), Bertsch
et al. (2008), Cavallini et al. (2009), Revellin et al. (2009), Agarwal et al. (2010),
and Thome (2010). These problems are the goal of much of the research involving
micro/minichannels right now.
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1.4 Mathematical Background: Simultaneous Heat and Mass Transfer

When the heat exchanger is used as an evaporator, its wall surface temperature is
usually below the average dew point of the surrounding moist air Tqp. Under this
situation, it is more common that dehumidification of air occurs simultaneously with
the sensible cooling process. With dehumidification, the air-side surface is wetted
(liquid water or frost). In addition to sensible heat transfer, there is a transfer of latent
heat because of condensation.

Analyzing the air-side performance of evaporators under wet conditions is compli-
cated. Accordingly, several simplifications of the original differential equations have
been proposed, based on different assumptions, resulting in a variety of alternative
heat and mass transfer models. The two most well-known models are the single po-
tential model proposed by Threlkeld (1970), and the dual potential model proposed
by McQuiston (1975). The main differences between the two models are explained
next; firstly for a differential wall element, then for a straight fin under different
dehumidifying conditions.

1.4.1  The single potential model vs. the dual potential model

Figure 1.3 shows schematically a cold surface in contact with a moving stream of
moist air. A moving film of water is formed on the surface by condensation of mois-
ture from the air stream.

There is a boundary layer of air next to the water surface. In this layer, we assume
that the air temperature, air humidity ratio, and air velocity vary in a plane perpen-
dicular to the bulk motion of air. Immediately next to the water film, we assume that
the air is saturated at the condensed water film temperature Tu. The thermal heat
resistance associated with a presence of the thin water film due to condensation is
very small and may be neglected which results to a water film temperature equal to
the wall surface temperature Ts.

For the differential surface area dA in Figure 1.3, the general differential equation of
total heat transfer rate is expressed as following:

dQot = dA[dqsens + dqlat] = dA[aa (Ta —Ts ) +ap- hfg (Wa —Weat,s )] (1.7)
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Figure 1.3. Schematic of cooling and dehumidifying of moist air.

where Wsais is the saturated air humidity ratio evaluated at Ts, and hyg is the latent
heat of water condensation. ap in Equation (1.7) represents the mass transfer coeffi-
cient which could be related to the air-side sensible heat transfer coefficient, aa, by
using Chilton—Colburn analogy (Chilton and Colburn, 1934):

Uy

NPT
Le -Cp,ma

ap (1.8)
where Le and Cymaare Lewis number and moist air specific heat, respectively. For
humid air, Lewis number is usually close to unity (ranged from 0.8 to 0.9). Also, it

is relatively insensitive to variations in temperature (Coney et al., 1989c; Cengel,
2002).

Equations (1.7) and (1.8) could be combined and rearranged to give the total heat
transfer rate in an element under wet condition as:

1

dQit = 4 - dA (Ta —Ts)+T
Le -Cp,ma

’ hfg (Wa _Wsat,s) (1.9)

Equation (1.9) is the main equation used by McQuiston (1975) to develop the dual
potential method for modeling the simultaneous heat and mass transfer.
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The term in the square brackets in Equation (1.9), may be approximated by the dif-
ference between the enthalpy of moist air and the enthalpy of saturated air at the wall
surface temperature. Thus,

a3

dQyor = C 'dA[ha - hsat,s] (1.10)

p,ma

where hsa s is the saturated air enthalpy evaluated at Ts. Equation (1.10) represents
the single potential or enthalpy potential model proposed by McElgin and Wiley
(1940), and Threlkeld (1970). It is worth mentioning that the single potential model
implicitly assumes, in its derivation, that Lewis number is equal to unity.

Mirth and Ramadhyani (1993) applied both methods (the dual potential method
which is based on Equation (1.9) and the single potential method which is based on
Equation (1.10), in addition to his own, to a discretized cooling coil using water as a
refrigerant. The capacity predictions obtained with the single potential and dual po-
tential method were within 1% of those obtained with his more fundamentally sound
approach.

However, the main advantages of the dual potential method that it allows for:

¢ the independent evaluation of each contribution (sensible and latent heat);

o employing different values of Lewis number which makes it more accurate,
compared to the single potential method, (Kandlikar, 1990); and

e continuous evaluation of total heat in the transitions from humid to dry condi-
tion.

On the other hand, the single potential method is more simple and recommended by
the industry standard (ARI Standard 410-87, 1987); however, in this approach the
total heat transfer rate is based on the log-mean enthalpy potential of the heat ex-
changer, making it difficult to separate its sensible and latent heat contributions. In
addition, the integrated enthalpy potential equation only gives the exit air enthalpy.
But in order to locate the exit air state, one more air property such as temperature or
humidity ratio needs to be calculated independently. In Threlkeld’s method, the con-
dition of air in the evaporator is traced by integrating the following equation in a
step-wise fashion:

dh, /AW, = Le™® (g — Mg )/(Wa ~Weagyot ) + (g —2467.0L%) (1.12)
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where hsawe and Wesaews are the saturated air enthalpy and humidity ratio evaluated at
the water film temperature, respectively. The status of the outlet air can be deter-
mined by the intersection of the condition line obtained from Equation (1.11) with
the outlet air enthalpy value determined from the log-mean enthalpy potential equa-
tion.

1.4.2  Fin performance under wet conditions

The fins and tubes of the evaporator become partially or totally wet depending on
the surface temperature and inlet air properties (temperature and humidity ratio). The
fin performance is dramatically influenced by the combined heat and mass transfer
associated with the cooling and dehumidification of air. The condensation of moist
air over the fin surface attributes to the decrease of fin efficiency. An example of
calculations done by Hong and Webb (1996), showed that the wet fin efficiency
(Equation 1.18) can be as much as 35% below the dry surface fin efficiency. Since
the fin performance under wet conditions may be very different from the dry condi-
tions, special attention is needed for the wet fin performance analysis.

Many Analytical, numerical, and experimental studies were conducted by many au-
thors to analyze and study the performance and efficiency of the fin under dehumid-
ification. Analytically, Threlkeld (1970) obtained an analytical expression for the
overall fin efficiency by using the enthalpy difference as the driving force for the
combined heat and mass transfer process. The overall efficiency of a wet fin, calcu-
lated with his method, does not depend much on the relative humidity of the air.
McQuiston (1975) studied the overall efficiency of a wet straight fin, he adopted the
dual potential approach. His result showed that the overall fin efficiency strongly
depends on the relative humidity. An analysis was done by Wu and Bong (1994) on
the overall efficiency of a straight wet fin by using a dual potential approach. Ana-
Iytical solutions were obtained for the overall fin efficiency in full and partial wet
conditions. Contrary to some numerical and analytical results found in literature,
their work showed that the overall efficiency of a fully wet fin is nearly independent
of relative humidity of the air. It was also shown that only the overall fin efficiency
significantly depends on the relative humidity when the fin is partially wet.

There are intensive numerical studies on the wet fin efficiency. For example
Elmahdy and Biggs (1983) obtained the overall fin efficiency of a circular fin by
taking into consideration the temperature distribution over the fin surface. They
treated heat and mass transfer separately by considering their respective driving
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force. Their numerical result indicated that the fin efficiency strongly depends on the
relative humidity. In the same way, Coney et al. (1989c) used a one-dimensional
(1D) numerical model to calculate wet fin efficiency for a vertical rectangular fin
laterally attached to a tube. In their model, they computed the fin temperature distri-
bution, the condensate film thickness, and fin efficiency as a function of relative
humidity of inlet air. But, the variation of the moist-air parameters in the air flow
direction was not considered. They concluded that for a fin in laminar humid air
cross flow the condensation has a substantial influence on fin performance, the re-
duction in fin effectiveness being a function of additional heat associated with latent
heat when condensation occurs. Chen (1991) presented a two-dimensional (2D) nu-
merical model to calculate the wet fin efficiency for a rectangular fin. In contrast to
the numerical model of Coney et al. (1989c), in Chen’s model the variations of air
temperature and specific humidity along the air flow were considered, but the re-
sistance of film thickness was neglected. Chen’s study showed that streamwise var-
iations in moist air properties have a substantial effect on the fin efficiency, espe-
cially at low values of relative humidity.

Liang et al. (2000) implemented a comparative study between a 1D analytical model,
a 1D numerical model, and a 2D numerical model. Moreover, a quantitative com-
parison of these models together with a widely used method by McQuiston (dual
potential model) was presented. Their results showed in general that the 1D numer-
ical model compared very well with the 2D model. The errors associated with ne-
glecting the variation of the air properties along the air flow direction (type I error)
and that associated with the shape transformation from a rectangular fin to an equiv-
alent circular fin (type Il error) are influenced by the air flow conditions and fin
geometric parameters. The type | error increases significantly with the decrease in
air velocity; while, the type Il error increases significantly with the increase in fin
width. These two errors are partially counterbalanced by each other. Liang’s model
can be used for the design and modeling of a wet-surface plate-fin-tube heat ex-
changer based on an arbitrarily small control volume. At a very low air velocity, the
deviation between the 1D and 2D numerical models should not be ignored.

Chen and Wang (2008) proposed 1D and 2D inverse heat conduction models involv-
ing the finite difference method in conjunction with the least-squares method and
measured fin temperatures at various measurement locations to estimate the un-
known average overall heat transfer coefficient on the fin, total heat transfer rate,
and wet fin efficiency for different values of inlet air velocity and relative humidity.
Their results showed that the estimated fin efficiency under partially and fully wet
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conditions is sensitive to the relative humidity. They also concluded that the latent
heat transfer under wet conditions is a very significant portion of the total heat trans-
fer and should not be negligent in any aspect of the dehumidification design.

An extensive 2D numerical study was conducted by Riad and Junhua (2011), to es-
timate the overall heat transfer coefficient and the fin efficiency; as well as, the total
heat rate exchanged under partially and fully wet conditions in a plate fin-and-tube
heat exchanger. They concluded that the overall heat transfer coefficient and the
condensation factor increase with the inlet air temperature, relative humidity, and
velocity. The results reveled that in the partially wet conditions, the wet fin efficiency
is dramatically affected by the change in the relative humidity and the fin base tem-
perature. While in the fully wet cases the decrease in efficiency is very weak, espe-
cially for higher values of relative humidity and the fin base temperature.

Experimentally, there is limited information of extended fin surfaces under dehu-
midifying conditions. Lin et al. (2001) performed a detailed study concerning the
performance of a rectangular fin in both dry and wet conditions. The visual observa-
tion of the dehumidifying phenomenon identified four regions including the fully
dry, very fine droplet, larger droplet, and film-like region. Their results showed that
the effect of dry bulb temperature on the wet fin efficiency is very small. The dry fin
efficiency is about 15-25 % higher than that of the corresponding wet fin efficiency.
For the fully wet conditions, the effect of relative humidity on the fully wet fin effi-
ciency is also small. For the partially wet surface, a considerable influence of the
relative humidity on the fin efficiency is encountered. They also stated that the main
cause of this controversy may be attributed to the formulation of the relation between
the humidity ratio and the fin temperature.

From the previous discussion, we can conclude that the dehumidifying condition of
the fin has a substantial impact on its efficiency, especially under partially wet sce-
narios. It is quite important to capture the actual fin condition and latent heat transfer
rate in order to evaluate correctly the air-side performance of the heat exchangers
which operate under different wet conditions. These conclusions motivated the au-
thor to present next a fundamental analytical analysis for the fin performance under
wet conditions. This analysis has been conducted using the single and dual potential
models in order to understand the main differences between them for modeling the
heat and mass transfer between the moist air and fin.
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1.4.2.1  Mathematical analysis of a totally wet fin

A steady state analysis is carried out on a straight fin when exposed to moving moist
air stream, as shown in Figure 1.4. In this regard, the following assumptions are made
to simplify the analysis:

e Temperature variation across both the fin thickness and its width are small and
may be neglected.

e The thermal conductivity of the fin material is constant.
e The heat transfer from the edges and fin tip may be neglected.

e The temperature at each point on the fin surface is below the dew point tem-
perature of the bulk air.

e The humid air flow is steady and one-dimensional.
e The local air-side heat transfer and mass transfer coefficients are constant.

o The thermal heat resistance associated with the presence of thin water film
due to condensation is very small and may be neglected.

/] (Moist air flow)
A q;o@ Ta' Wa! ha’ po
Q\Q ___/_-—/ —————— i
K v K
oF ’ ‘ o
3 S
o8 .
T, Wooooh
(Fin sarface)” /S

Tube wall

Figure 1.4. Schematic of a fully wet rectangular fin.

These are essentially the classical assumptions that are typically used for the analysis
of conducting-convecting finned surfaces. It may be noted that the assumption of
negligible thermal resistance in the condensate film is applicable for relative humid-
ity and dry bulb temperature up to 90 % and 35 °C, respectively (Coney et al., 1989a
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and 1989b). For example, during the humidification process, the thickness of con-
densate film is much smaller compared to the boundary layer thickness for forced
convection. It is expected that the rate of condensation increases with the increase of
both dry bulb temperature and relative humidity of the incoming air. However, the
condensate film drains off the fin surface due to gravity as well as by forced air flow
(Shargawy and Zubair, 2008).

The general differential equation which is resulted from an energy balance on ele-
ment of the fin normal to direction of heat flow, as shown in Figure 1.4, can be
expressed as follows.

diy 9Tt \ay + dag - Py -dy =0 1.12
dy At a Y + Gt - Pr - dy (1.12)
where ki, Acy, and Py are the fin thermal conductivity, cross-section area, and perim-
eter respectively. Proper heat and mass transfer model is required to solve and eval-
uate the total heat flux dgw: in Equation (1.12), to obtain expressions for wet fin

temperature profile and efficiency.

As discussed in Sub-section 1.4.1, there are two common models to simulate the
process of heat and mass transfer, the single potential and dual potential models. The
next sections illustrate the different solutions of the differential equation for wet fin
based on the two models of heat and mass transfer.

a) Totally wet fin analysis: single potential model

In this approach, the enthalpy potential which proposed by Threlkeld (1970) (Equa-
tion 1.10) is used to represent the process of cooling and dehumidification of moist
air over the fin surface. But to solve Equation (1.12) another relation between the
saturated air enthalpy and corresponding surface temperature is required, so
Threlkeld (1970) introduced a fictitious linear relation for saturated air enthalpy as
follows:

heat, ¢ =an +by - T (1.13)
bi is the saturated enthalpy line slope evaluated at fin base temperature T
hy — hsat B
Twb — Tt

where Tws represents the wet-bulb temperature of the air at the freestream conditions.

40



Introduction and Mathematical Background

Ware and Hacha (1960) proposed approximating bi by by , which is evaluated at the
mean surface temperature as follows:

, d
heat,t =an +by - T¢, where by, ~ by, E% B (1.15)
T=T;

Figure 1.5 shows an exaggerated schematic of b, and bh. The advantage of using b
is that it eliminates the need to reference the freestream conditions.

L Qe
Moist air $
. N
condition \2{/ h
Ppalis a
b,
h//

/,’ e hsat,fT
//b hsat,f
P h h

7 sat,fB
Te Tr T Tob

Figure 1.5. Linear approximation of saturated enthalpy curve.

By substituting Equations (1.10), (1.13), and (1.15) into Equation (1.12), the final
differential equation for wet fin based on single potential model is expressed as:

d zé:a f

— 22 _M2.& (1.16)
dX2 h a,f
where

£t =hy—hyet () is the enthalpy difference between the surrounding air
af = Va ™ Tsat, f and saturated air at the fin surface;

1/2 is the wet fin parameter based on single potential ap-
My = m-(bh/prma) proach; and

mo |t % is the dry fi t
= |/ IS The ar IN parameter.
K¢ - At yHnp
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The boundary conditions for Equation (1.16) are &+ (y=0)= &ams=ha-hsass, and d&as
/dy=0 at y=Hs. Equation (1.16) and its boundary conditions are completely analogous
to dry fin equation and its boundary conditions. Thus, the wet fin temperature profile
is defined as:

Ear _cosh[Mh(Hf —y)}

= (1.17)
fars  cosh(My-Hy)
and the efficiency of wet fin
tanh(M,-H
7t wet = M (118)

My -H;

It can be noticed that the solution for efficiency of the wet fin is of identical form to
that of the dry fin. However in a case of the dry fin, the wet fin parameter My is
reduced to dry fin parameter m.

b) Totally wet fin analysis: dual potential model

The dual potential model considers independently the sensible heat transfer due to
the temperature difference between the moist air and the cooling surface; and the
latent heat transfer due to the specific humidity difference between the flowing air
stream and the saturated air near the cooling surface. In the current approach, Equa-
tion (1.9) is used to evaluate the total heat term in Equation (1.12). However, an
additional equation for saturated humidity ratio is needed to solve the differential
equation of wet fin. McQuiston (1975), considered the assumption that

Wy =Wy ¢ =C(Ta = T¢) (1.19)

where C is a constant. Thus, Equation (1.12) becomes a homogeneous differential
equation, which is easy to solve. Although this assumption simplifies the solution of
the differential equation, however, it is not a general physical relationship.

Actually, Equation (1.12) still can be solved by making use of the fact that the air
near the fin surface is saturated, similar to the work of Elmahdy and Biggs (1983).
However, Wu and Bong (1994) used a linear relationship between Wsaisand Tr over
the temperature range (Trs<Ti<T), given by:

Weor, ¢ =a% +b} - T (1.20)
where
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;o Wsat,fT — VWsat, fB dWsat|
P = ~
Ter —Tes dr |T=T’f

(1.21)

While this assumption looks physically acceptable, we still do not know the temper-
ature at the fin tip. Hence, we cannot calculate the constants a: and b¢ before solving
the temperature distribution over the fin surface. Another linear relationship
(Figure 1.6) was suggested by Shargawy and Zubair (2008) between Wsas and T
over the temperature range (Trs<Ti<Tqp) Can be written as:

Weat, ¢ =a¢ +by - Ty (1.22)
where
W, -W,
bf _'a sat, fB (1.23)
Top—Tis
Wy =Wy, 18
as =Wy 18 —[%]Tﬂs (1.24)
dp — 'fB

Now, the constants as and br can be calculated easily from the ambient air conditions
and the fin base temperature. Actually, the maximum temperature at fin tip for the
wet condition is the dew point temperature, Tqp Of the air stream.

0\0
Q
&
< Moist air
Saturated air condition
_ ~ Wa
Wsat,f‘af“Lbf'-G/
Fin base .-~
condition Wears
TfB po Ta

Figure 1.6. Linear approximation of saturated humidity ratio curve, as it was proposed by Shar-
qawy and Zubair (2008).

Substituting Equations (1.9), (1.22), (1.23), and (1.24) into Equation (1.12) we get
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d?0, ¢

S —M%.0, =M.y (1.25)
dy

where

is the difference between the surrounding air temperature
Ont =Ta —Ts (Y) g P

and fin temperature;

V2 . . .
M = m(1+ B-b; ) is the wet fin parameter based on dual potential approach;
v = B-Co this parameter includes the effect of moist air humidity
1+ p-bs ratio on the temperature distribution of wet fin;
B= htg this parameter is resulted from using Chilton—Colburn
Le?®-C ma analogy; and

this parameter represents the residual part of the driving

Co=W,—as; —bs -T,
0772 T8 force (Wa— W) for the mass transfer.

Equation (1.25) is a linear non-homogeneous second order differential equation
which can be solved in the following general form:

0,1 (y)=Cy-e" +Cyoe™ (1.26)

I P i
Complementary solution |Part|cular solution

The boundary conditions for a fully wet fin with an adiabatic tip are: at the fin base
Oa1= Oa8=Ta-Trs; While at the tip dfa/dy=0.

The final solution of Equation (1.26) subjected to the previous boundary conditions
gives us the temperature distribution along the fin surface, which can be written in
the form

Out +y _cosh[M(Hf —y)]

= (1.27)
Oy 15 tYW cosh(M-Hf)

This equation is very similar to Equation (1.17) which based on the single potential
model, however, the parameter y resulted from the non-homogeneity of Equation
(1.25). The fin efficiency is calculated from Equation (1.18), but with wet fin param-
eter based on dual potential model M instead of single potential one M.

To evaluate the effect of air relative humidity RHa on the straight rectangular fin
efficiency, Shargawy and Zubair (2008) compared between their saturation line
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slope approximation (Equations 1.22—1.24) with the approximations of Wu and
Bong (1994) (Equations 1.20 and 1.21), McQuiston (1975) (Equation 1.19), and
Threlkeld (1970) (Equations 1.13 and 1.14). For comparison purposes, the fin base
temperature Trs was set at 7 °C; whereas the value of fin parameter (m-Hr) was chosen
to be equal to 0.8. The bulk air temperature T, was kept at 27 °C, while the RH,
ranged from 40% to 100%, within this range the fin was fully wet. Figure 1.7 sum-
marizes the results of their comparative study.

It is important to note that in using McQuiston’s method, the fin efficiency depends
strongly on the relative humidity. The approaches of Wu and Bong, and Threlkeld
agree well with the results of Shargawy and Zubair (2008). However, as discussed
earlier it is difficult to calculate the wet fin parameter M in Wu and Bong’s model
without knowing the fin tip condition. For the entire range of RH, studied they found
that the efficiency value was 2% lower than Wu and Bong (1994). This difference
increased to 4.5% at m-H; = 1.2. It can be concluded from these results that the best
linear approximation of the saturation curve is the one which was proposed by
Shargawy and Zubair (2008). The main advantages of this linear approximation are
the simplicity and the proper physical representation of the saturated humidity ratio
curve on the psychrometric chart.

1

0.9 -
Dry fin
0.8
;i I
= 0.6
0.5 = Theelkeld (1970)
0.4| |m-H; =0.8 | RectangularFin|  —o-McQuiston (1975) |
| I
T,=27°C — ——Wu & Bong (1994)
0.31— Te=7°C | e Shargawy & Zubair
I I ‘ |(2008)
0.2 -
0.4 0.5 0.6 0.7 0.8 0.9 1
RH 4

Figure 1.7. Comparison of the fin efficiency for a fully wet rectangular fin (Sharqawy and
Zubair, 2008).
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1.4.2.2  Mathematical analysis of a partially wet fin

A partially wet fin is encountered when the fin base temperature is lower, but the fin
tip temperature is higher than the dew point of the air. On the fin surface there is a
place, say y=¢, where the surface temperature equals the dew point of the air. The
fin is then separated into two regions: a wet region (0<y<(), with the surface temper-
ature lower than Tqp; and a dry region (£ <y< Hy), with the surface temperature higher
than Tqp. Figure 1.8 shows a schematic of a partially wet fin.

(Moist air flow) T, W, T,

Tube wall

C / Te<Typ<Tq
H f > Tf ( g): po
y

Figure 1.8. Schematic of a partially wet rectangular fin.

a) Dry fin portion analysis ({ <y< Hy)
The dry fin general differential equation (Bergman et al., 2011)

2
d 9a,d2ry_fp —m?.4,
dx '

where Ga4ry 1 IS the temperature difference between the air and dry fin portion.

o (1.28)

The general solution of Equation (1.28) is
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Oa dry o (y)=Cs ™ +Cye™ (1.29)

The boundary conditions subjected to Equation (1.29) are as follows:

ea,dry_fp =Ua,dp =T, _po aty=¢ (1.30)

dea dry_fp

———=—=0aty=H 1.31
dy y="i (1.31)

Solving Equation (1.29) with corresponding boundary conditions, the temperature
distribution of dry fin portion is obtained

cosh[m(H f - y)]
P cosh[m(H f —g)]

The heat transfer by convection to the dry fin surface is given by

Ha,dry_fp = ea,d (1-32)

Qury p =Ky - Acs (%j =Ki At MGy 'ta“h[m(Hf —g“)} (1.33)
y=¢
and the maximum heat transfer rate is

Qury_fp,max = %a - Ps (Hf _é,)ea,fB +ap - P (Hf _év)(wa _Wsat,fB)hfg
zaa'Pf(Hf _§>(1+ﬂ’bf )(ea,fB +l//)

This maximum heat transfer rate includes both the sensible and latent heat transfer
components, since it is defined as the heat transfer rate that would exist if the dry
region of the fin were at the fin base temperature, and the fin base temperature is
below the dew point of the air for the partially wet fin. Thus, the dry fin portion
efficiency becomes:

(1.34)

_ ery_fp
Mdry fp = (1.35)

Qd ry_fp,max
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b) Wet fin portion analysis (0<y< ()

The dual potential model is used as discussed before to analyze the simultaneous
heat and mass transfer for wet fin portion. The boundary conditions for wet portion
are:

Oawet fp =Ca,8 =Ta —Trg Ly =0 (1.36)

dé’a,dry_fp _ dé)a,wet_fp 137

dy o dy - (1.37)
y=¢ y=¢

After substituting the previous boundary conditions into the general solution of wet
fin (Equation 1.26) the temperature distribution of wet portion could now be illus-
trated as:

o wet_tp (¥) = (‘ga, B+ ‘//)eMy -

(I\r;)ea,dp -tanh[m(Hf —é’)}r(@a,fs +V/)9M§ . (1.38)
sinh(My) —y
cosh(M¢)

where Gawet 1 IS the temperature difference between the air and wet fin portion. The
guantity 'is unknown; then it is assumed at the beginning of solution and accord-
ingly the temperature of the fin surface could be calculated from Equation (1.38). If
the obtained fin surface temperature is not equal to the dew point of air, an iterative
procedure is used till obtaining a proper value of { which satisfies the condition of
continuity of heat flow at the point separating the dry and wet portions.

The total heat transfer from the wet portion of the fin surface can be calculated from

¢
Quet fp = jaa Pt - Oa wet_fp (¥) - dy +
0

sensible heat

. (1.39)
IOCD P [Wa _Wsat,wet_fp(y)]hfg -dy
0

latent heat

By applying Chilton—Colburn analogy (Equation 1.8) and dual potential model as-
sumptions, Equation (1.39) can now be reduced to the following expression:
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¢
Qwet_fp =Qy - Pf (1"' B- bf )J.(aa,wet_fp + l//)'dy (1-40)
0

The maximum total heat transfer rate that would exist if the wet region were at the
fin base temperature may be expressed as:

Quet fpmax = P -¢ - 0a 18 +ap - P é’(W - sat,fB)hfg

(1.41)
= oy Py '4(1+ﬁ’bf )(ea,fB 'H)V)
The efficiency of wet fin portion becomes
Q et_fp
et fp = (1.42)
Qwet_fp,max
Finally, the partially wet fin efficiency can be calculated as:
< Hi ¢
17t part_wet = H_77wet_fp + H Tdry_fp (1.43)
f f

1.5 Literature Review

1.5.1 Heat exchanger modeling

Computer models and simulation tools have been developed for heat exchanger de-
sign and optimization since the 1980s, with increasing the complexity of calculation
procedure and coil details, and range of working fluids. These tools aim to save much
the cost and time in the laboratory working with expensive test benches.

To allow for good and accurate modeling of the heat exchangers, a discretization
process is required. The tubes of the heat exchanger are divided into a number of
segments, usually along the refrigerant flow direction, with its corresponding fins.
Each segment represents an individual heat exchanger which could be evaluated by
classical global methods; i.e., the logarithmic mean temperature difference (LMTD)
method, logarithmic mean enthalpy difference (LMHD) method, effectiveness-num-
ber of transfer units (e-NTU) method, and so on. But, on the other hand, those seg-
ments could be additionally discretized into a number of cells using finite volume
method (FVM) or finite element method (FEM). For each cell heat and mass bal-
ances are implemented.
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Currently, several models or simulation tools for heat exchangers are available in the
literature: for finned conventional-tubes (Domanski, 1991; Ragazzi, 1995; Lee and
Domanski, 1997; Corberan et al., 2002; Jiang et al., 2006; Singh et al., 2008;
CoilDesigner, 2010; EVAP-COND, 2010; IMST-ART, 2010) and for micro/mini-
channel heat exchangers (Kim and Bullard, 2001; Yin et al., 2001; Wu and Webb,
2002; Asinari et al., 2004; Fernando et al., 2008; Brix et al., 2009; Garcia-Cascales
etal., 2010; Jin et al., 2011; Martinez-Ballester, 2012; Zhao et al., 2012; Gossard et
al., 2013; Ren et al., 2013; Huang et al., 2014; Huang et al., 2015; Yin et al., 2015).

Some of the above mentioned models (Kim and Bullard, 2001; Yin et al., 2001;
Corberan et al., 2002; Asinari et al., 2004; Fernando et al., 2008; Singh et al., 2008;
Brix et al., 2009; CoilDesigner, 2010; IMST-ART, 2010; Jin et al., 2011; Martinez-
Ballester, 2012; Ren et al., 2013; Huang et al., 2014; Huang et al., 2015) apply the
energy conservation equations to each control volume or finite element, while others
(Domanski, 1991; Ragazzi, 1995; Lee and Domanski, 1997; Wu and Webb, 2002;
Jiang et al., 2006; EVAP-COND, 2010; Garcia-Cascales et al., 2010; Zhao et al.,
2012; Gossard et al., 2013; Yin et al., 2015) apply the classical e-NTU method. The
main difference between both methodologies is that the e-NTU method uses several
implicit assumptions resulting in less freedom to describe the actual phenomena, es-
pecially at a presence of the dehumidification process on the air-side of the evapora-
tor.

The commonly used assumptions and their impacts on the air-side performance of
heat exchangers are discussed next.

1.5.2  Impacts of the classical modeling assumptions on the performance of

heat exchangers

As mentioned before that the e-NTU approach and fin theory are based on many
assumptions which are usually adopted to reduce the complexity of the solution. But,
these assumptions neglect, or simplify, many of important phenomena encountered
in the process of heat and mass transfer. Those classical assumptions are not only
adopted by heat exchanger models which are based on the e-NTU approach, but they
are also employed by many other models which do not use the e-NTU methodology.

The most important assumptions, which are in the scope of the current work, are the
following:
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o Uniform properties along air flow direction

In most models in the literature, the heat exchanger tubes are discretized only in the
refrigerant direction. This methodology only improves the representation of the re-
frigerant properties. However, the lack of discretization in the air flow direction re-
sults to approximated air properties for the heat exchanger depth based on the aver-
age of the inlet and outlet temperatures.

o Adiabatic-fin-tip assumption at half the height: no heat conduction between

tubes through the fin

This assumption is usually adopted by the classical modeling methods in order to
use the corresponding relationship for the fin efficiency. It is a quite simple expres-
sion, but this efficiency does not fundamentally account for the heat transfer via fins
between the tubes of different temperatures. Many authors developed detailed nu-
merical models to study the effect of this assumption on the performance of gas cool-
ers and condensers. For example, Asinari et al. (2004) implemented a three-dimen-
sional (3D) numerical model to simulate the crossflow in compact heat exchangers
using finned flat tubes with internal microchannels. Their model discretizes the gov-
erning equations using a finite-volume and finite-element hybrid technique taking
into account the heat conduction in all directions for all elements (fins and tubes),
thus it does not employ the adiabatic-fin-tip assumption.

Asinari et al. (2004) concluded that the models using the half-fin length idealization,
although do not accurately represent the real distribution of heat flow between the
fin roots when the temperatures at the fin bases are different, give a reasonably ac-
curate prediction of the total heat flow exchanged. Another study was implemented
by Yin etal. (2015), in which a finite-volume-based numerical condenser model was
presented. This model accounts for many important factors which affect the pre-
dicted capacity of heat exchangers, where the heat conduction through the fin is one
of them. Their final conclusion is similar to Asinari et al. (2004), they found that the
transverse fin conduction slightly influences the overall capacity by = 0.06%, and
pressure drop by = 0.16%.

However, the previous authors did not report the effects of this assumption in the
predicted capacity for the individual tubes of the heat exchanger. It is important to
note that a consequence of a wrong prediction of the individual tube capacity intro-
duces a wrong evaluation of the fluid temperature and pressure at the tube outlet
section. So to study the impact of adiabatic-fin-tip assumption, besides some other
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classical assumptions, on the capacity of the individual tubes of a minichannel CO;
gas cooler, Martinez-Ballester et al. (2011) developed a segment-by-segment 2D
model. The model discretized the heat exchanger into segments and cells, to which
a system of energy conservation equations was applied without traditional heat ex-
changer modeling assumptions. Their model is not only capable of evaluating the
heat conduction in all wall elements as the model of Asinari et al. (2004), but it also
accounts for the change in air temperature along the fin height. This makes it capable
of capturing a detailed representation of the air flow. They concluded that using the
adiabatic-fin-tip efficiency leads to large errors in heat distribution per tube when a
temperature difference between the tubes exists. Also, this assumption affects the
global capacity prediction of gas coolers with a large number of refrigerant passes.

Some authors have implemented the heat conduction through the fin in their models
for finned-tube heat exchangers. Lee and Domanski (1997) presented a tube-by-tube
heat exchanger model. They accounted for this phenomenon by adding an additional
conduction term in the e-NTU relation. By using wall temperatures of the neighbor-
ing tubes and applying Fourier’s law of conduction for a rectangular slab, they ob-
tained the heat conducted into or out of given control volume. However Singh et al.
(2008) stated that the e-NTU approach, in its development, ignores any heat flux
coming in or leaving the control volume besides the two fluid streams. Consequently,
they developed a thermal resistance model which combines the fin temperature with
wall temperature through the use of fin efficiency. This ensures that the numerical
model represents the physics more accurately than the e-NTU model. Afterward,
they added a heat conduction term to the energy conservation equation in the tube
wall. To get accurate results, they also applied to this term a multiplier which has to
be adjusted either numerically or experimentally.

It is quite interesting to mention that cutting the fins between tubes for air-to-refrig-
erant heat exchangers is considered to be an improvement in heat exchanger perfor-
mance. The heat conduction along the fin height significantly degrades the effective-
ness of heat exchanger. Domanski et al. (2007) implemented a comparative experi-
mental study between a finned conventional-tube evaporator with and without cut
fins. They reported that the evaporator with cut fins had a significantly higher capac-
ity, as much as 23%, compared to the same evaporator without cut fins, especially
for high exit superheats. For CO- gas coolers Singh et al. (2010) reported a heat load
gain of up to 12% with cut fins; and, for a target heat load, savings in fin material of
up to 40%.
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However, this improvement does not have a such significant effect on the perfor-
mance of MCHXs. As mentioned before Asinari et al. (2004) concluded that the
impact of cut fins could be assumed to be negligible for a wide range of MCHXs
applications. Experimentally, Park and Hrnjak (2007) found that the capacity of a
microchannel CO; gas cooler was improved up to 3.9% by cutting the fins, and the
temperature difference between refrigerant exit and air inlet for the gas cooler was
reduced by 0.9—1.5 °C.

o One-dimensional heat conduction in tubes and fins

The one-dimensional heat conduction assumption only accounts for transverse heat
flux through the wall between two fluids. It does not account for two-dimensional
longitudinal heat conduction (2D LHC) in the tube and fin.

Asinari et al. (2004) and Martinez-Ballester et al. (2011) studied the effects of this
assumption in their previously mentioned models. The authors reported that the lon-
gitudinal conduction in fins had a negligible effect on the heat exchanger capacity.
Also, several current fin surfaces (e.g. louvered, slit, etc.) have cuts along the air
flow direction which cancel the LHC in that direction. Contrary to Asinari et al.
(2004) who concluded that the effects of the transverse and longitudinal heat con-
ductions in the tubes could also be neglected; Martinez-Ballester et al. (2011) re-
ported that these effects result to a small error in heat capacity with an order of 2.5%,
when they are combined with the longitudinal conduction in the fin. Martinez-Bal-
lester et al. (2011) also concluded that the impact of LHC strongly depends on the
air-side heat transfer coefficient.

o Uniform air temperature along the fin height: application of the fin theory

The e-NTU method needs the use of fin efficiency in order to get a solution of heat
transfer through any heat exchanger (Kays and London, 1984). This efficiency is
calculated following the fin theory, which is developed assuming a uniform temper-
ature for surrounding air in contact with the fin. Martinez-Ballester et al. (2011), and
Martinez-Ballester et al. (2013a) and (2013b) studied extensively the effect of this
assumption on the air-side performance of minichannel condensers and CO; gas
coolers. They reported in their study that the temperature of air close to the tube wall
is much different from the bulk air temperature. This fact could have an important
impact on local mechanisms controlling the heat and mass transfer, e.g. dehumidifi-
cation.
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However, presence of dehumidification process while modeling minichannel evap-
orators results to more assumptions such as:

o Uniform humidity ratio along the fin height

As mentioned earlier, the fin theory is based on the assumption of uniform air tem-
perature along the fin height. This implies that the humidity ratio of the air is also
uniform in the same direction. This assumption could result to a misprediction of the
latent heat transferred, especially for the air near the fin roots.

e No consideration of partial dehumidification scenarios

Many evaporator models in literature, such as Kim and Bullard (2001), Wu and
Webb (2002), Jiang et al. (2006), Jin et al. (2011), and Zhao et al. (2012), do not
account for partial dehumidification scenarios. They usually assume that the whole
evaluated segment is totally dry or totally wet according to the tube temperature or
average temperature of tube and fin. However, as explained in Sub-section 1.4.2, the
fin performance is dramatically influenced by the amount of water condensed on the
surface, especially in the partially wet fin region. Accordingly, we can conclude that
the misprediction of the actual dehumidifying condition of the fin (totally dry, totally
wet, or partially wet fin) could obviously affect the sensible and latent heat transfer
in evaporators.

o Constant saturation line slope within the whole segment

To solve the wet fin differential equation (Equation 1.12) a proper relationship be-
tween the saturated air humidity ratio and the corresponding surface temperature is
required. Many of evaporator models (Ragazzi, 1995; Jiang, 2003; Huang et al.,
2015) employ the McQuiston’s constant (Equation 1.19) within the whole evaluated
evaporator segment. This constant is usually evaluated at the fin base condition or
calculated as an average value between fin base and tip conditions (Mirth and
Ramadhyani, 1993). This constant is very simple and converts the wet fin equation
to a linear homogeneous differential equation which has a general solution quite sim-
ilar to the dry fin. However, this methodology does not represent the actual physical
behavior of saturated humidity ratio on the psychrometric chart (Chapter 6, Fig-
ure 6.1). Moreover, calculating this constant as an average value between base and
tip temperatures for a partially wet fin is physically inappropriate because under this
situation one of the fin roots temperatures is higher than the dew point of surrounding
air.
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To overcome these drawbacks, and to give a better representation of saturation curve
on psychrometric chart, many authors suggested a linear relationship (Equation 1.20)
between saturated humidity ratio and corresponding surface temperature such as
Elmahdy and Biggs (1983), Wu and Bong (1994), and Shargawy and Zubair (2007)
and (2008). Some others (Coney et al., 1989c; Chen, 1991) suggested a quadratic
relationship. In addition to Liang et al. (2000) who proposed a more complicated
cubic relationship in his plate-fin-tube heat exchanger model.

The quadratic and cubic relationships are more accurate than the linear relationship.
However, they convert the fin governing equation to a nonlinear nonhomogeneous
differential equation. This type of equations requires special and complicated numer-
ical methods, such as Adomian decomposition method (ADM), to get a proper solu-
tion (Kundu 2009). On the other hand, the linear relationship is more common and
represents a convenient way to solve the wet fin differential equation. For the men-
tioned reasons, in the current work the linear approximation of saturation curve is
employed.

1.6 Research Motivations
The main motivations of the current work are based on the following:

e Micro/Minichannel technology is relatively new. It has been employed since
while in the automotive applications. However because of its many ad-
vantages, this technology now begins to but feet in all HYAC&R applications.

e The implementation of minichannels in evaporators lagged behind the con-
denser application because of many problems and concerns, such as the insta-
bility of refrigerant flow, accumulation of condensed water, and frosting.

e Many heat exchanger models in literature utilize the classical modeling meth-
ods which based on many implicit assumptions. Although these assumptions
simplify the modeling process, however, they have many drawbacks as dis-
cussed before.

e There are many authors (Asinari et al., 2004; Martinez-Ballester et al., 2011;
Yinetal., 2015) who evaluated extensively the effect of the classical modeling
assumptions on the air-side performance of minichannel gas coolers and con-
densers. However, from the literature review, the author have not found any
model which is capable of assessing the impact of these assumptions on the
air-side performance of minichannel evaporators, especially under different
dehumidifying conditions.
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¢ The need to develop an accurate and reliable simulation tool for MCHXs, es-
pecially evaporators, to aid their design and save the cost of experimental cam-
paigns.

1.7 Research Objectives

Based on the previous motivations, the following points summarize the main objec-
tives of the current thesis:

e To develop and verify a comprehensive two-dimensional model (Fin2D-W)
for the air-side analysis of minichannel evaporators. This model will take into
account the 2D heat conduction in any wall element (fin or tube), partial de-
humidification scenarios, change in the saturation line slope, and unmixed air
along the fin height.

o Todevelop and verify a more simplified one-dimensional model (Fin1D-MB).
This model will retain only the most important heat and mass transfer phe-
nomena, which will be identified by the Fin2D-W model, in order to reduce
the computational time while maintaining the solution accuracy.

e To integrate the Fin1D-MB air-side module in the IMST-ART® simulation
program (IMST-ART, 2010) to evaluate the total performance of minichannel
evaporators (air- and refrigerant-side).

e To validate the numerical results of the IMST-ART® program against experi-
mental data and numerical models that already existed in the literature for dif-
ferent MCHX geometries, refrigerants, and operating conditions.

1.8 Thesis Organization

The current chapter (Chapter 1) firstly presents a brief introduction of MCHXs, and
their advantages and disadvantages; then introduces a mathematical analysis of the
modeling of simultaneous heat and mass transfer. Finally, it reviews the state of the
art related to the scope of current work and lists the motivations and objectives of
the presented thesis.

In order to achieve the objectives of the present thesis two numerical models which
account for the air-side performance of minichannel evaporator are going to be de-
veloped and verified. Chapter 2 presents the first model, which is referred to as
Fin2D-W. This model is used to evaluate, in a more fundamental way, all the pro-
posed effects and assumptions, along with their impacts on the predicted heat and
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mass transfer rates. Chapter 2 consists of the governing equations and their numeri-
cal discretization scheme, case study, verification study, and a comparison of the air-
side heat transfer results between the classical e-NTU and Fin2D-W models, without
and with the presence of temperature difference (superheat) between the evaporator
tubes.

According to the results and conclusions of Chapter 2 and in order to reduce the
modeling complexity and computational cost, a more simplified model which is re-
ferred to as Fin1D-MB is introduced in Chapter 3. The novelty of this model that it
employs the fundamental fin theory coupled with the moving boundaries technique
for the air-side. This scheme simplifies the discretization of air flow and fin wall,
and captures the actual dehumidifying condition for tubes and fins. The main con-
tents of this chapter are: the governing equations, discretization scheme, solution
methodology, verification study, and a comparative study between the Fin1D-MB
and Fin2D-W results.

In order to evaluate the whole minichannel evaporator, the FinlD-MB model has to
be integrated into the IMST-ART® simulation program. After the integration pro-
cess, the proposed numerical model will be validated against experimental data and
numerical models existed in the literature. The complete results of this study are
presented in Chapter 4.

Chapter 5 comprises the main conclusions and list of publications related to the cur-
rent thesis. The future modifications and enhancements for the presented work are
introduced in the final section of this chapter.

The last chapter of the thesis (Chapter 6) contains the appendices. The first appendix
is dedicated to the psychrometric relationships and correlations used in the current
work, while, the second one describes the C++ modeling structure for the Fin2D-W
and Fin1D-MB models. The third appendix contains the elements of matrix B, which
is used to calculate the average fin temperature in the Fin1D-MB model (Chapter 3,
Equation 3.19).
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Fin2D-W Model

«
On[y those who 7isk going too far can possibly find out how far they
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-T.S. Elliot



Chapter 2.

2.1 Introduction

In this chapter, a fundamental numerical approach to minichannel evaporator mod-
eling under dehumidifying conditions is presented. This numerical approach takes
into account the 2D heat conduction in any wall element (tube or fin) and partial
dehumidification scenarios, does not apply the fin theory, and captures a detailed
representation of air properties. The model, referred to as Fin2D-W, subdivides the
heat exchanger into segments and cells (air, refrigerant, fin wall, and tube wall), to
which a system of energy conservation equations is applied without traditional heat
exchanger modeling assumptions. Unlike the models previously presented
in Chapter 1, the Fin2D-W model employs less classical assumptions.

From the literature review, we did not locate any model similar to the current one,
especially for evaporators which operate under partially wet conditions. There are
two similar models, but they were mainly developed for minichannel gas coolers and
condensers. The first model was presented by Asinari et al. (2004) for simulating a
fully three-dimensional crossflow in compact transcritical CO, gas coolers. How-
ever, they used a hybrid discretization scheme, which uses both the finite element
and the finite volume methods. The second model, which the current model is based
on, was developed by Martinez-Ballester et al. (2011) to simulate the heat transfer
in minichannel CO; gas coolers and condensers. Their 2D model, which is based on
the finite volume discretization method, is the most similar to the present model.

After a numerical verification, a comparative study is conducted between the current
model results and the results of the traditional e-NTU method based on two different
models of simultaneous heat and mass transfer (single and dual potential models).
Different refrigeration and air conditioning applications have been selected which
represent various inlet conditions to the evaporator. The main goals of the present
chapter are:

¢ to understand the various phenomena, and heat and mass transfer mechanisms
associated with the process of cooling and dehumidification;

e to assess the impact of some classical modeling assumptions, which are usu-
ally used in the modeling of heat exchangers, in the air-side performance of
minichannel evaporators under different dehumidifying conditions and values
of superheat;

o to identify which assumptions and phenomena have the greatest influence and
which have a negligible effect on the modeling of minichannel evaporators.
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This will help in developing a simpler model, with higher calculation speed
and reasonable accuracy compared to the Fin2D-W model.

2.2 Development of the Fin2D-W Model

2.2.1 Evaporator discretization

(a)

Evaporator segments: a

Moist Air One segment

— | [ [ ]
\\\\\\ SR o
N\ &
VAV‘VAV‘VA g
Refrigerant s
Refrigerant  Cells: b '\\ /§

y T .
[ [ [ ]

Fin+Air Cells: d,e

Figure 2.1. (a) Main discretization of tubes in minichannel evaporator. (b) General concept of
discretization in one evaporator segment.

Figure 2.1a presents the main scheme used to discretize tubes in a minichannel evap-
orator. The tubes are discretized along the x-direction (refrigerant flow) in a number
of segments “a”. Each segment (Figure 2.1b) consists of two streams of refrigerant
(top and bottom flow) that are split into “b” channels in the z-direction (air flow);
two flat tubes (top and bottom) that are discretized into “c” cells in the z-direction.
Both air flow and fins are discretized into two dimensions: “d” cells in the y-direction
and “e” cells in the z-direction. This is summarized in the context as a grid:
{a,b,c,d,e}. For the illustration in homenclature, the numerical example shown in
Figure 2.1 corresponds to a grid of {2,5,3,6,5}. But, the actual discretization grid
used in the current study is defined later in Section 2.6.

61



Chapter 2.

All grid dimensions are independent, with the only exception being that the air and
fin have the same discretization. The heat is transferred by convection from the moist
air cells to the fin cells, as well as, to the unfinned area of the tube wall in contact at
the top and bottom. Then the fin cells conduct the heat along the y—z plane and also
to the wall cells in contact with the fin roots. The tube cells exchange the heat by
conduction between each other in the x—z plane and transfer it by convection to the
refrigerant cells.

2.2.2  Governing equations

In this section, the mathematical analysis of the governing differential equations and
the corresponding boundary conditions are established. The dual potential method,
proposed by McQuiston (1975), is adopted in the combined heat and mass transfer
modeling because of many advantages as discussed in Chapter 1, Sub-section 1.4.1.
Finally, the numerical discretization of the governing equations is presented.

2.2.2.1  Mathematical analysis

The following assumptions are made to simplify the analysis:

a) the thermal conductivity of the fin and tube walls, and latent heat of conden-
sation of the water vapor are constant;

b) the fluids flow is steady with uniform inlet velocity distribution;

c) the thermal resistance associated with the presence of thin water film due to
condensation is small and may be neglected; and

d) the effect of pressure drop due to fluids flow is neglected.

a) Wall (fin or tube) analysis

Figure 2.2 shows the energy balance within a differential control volume of the fin
wall under steady-state condition. Where (the rate of heat conduction at y, z) + (the
heat generated) = (the rate of heat conduction at y+dy, z+dz). It should be noted that
the energy balance for the tube wall element is similar to the fin wall element, how-
ever, it is applied on the x-z plane instead of the y-z plane.
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Figure 2.2. Energy balance of a differential control volume of the fin wall.

oQ oaQ
[Q. +Qy ]+ 0ot - dz-dy =[(QZ + dzHQy +Wydyﬂ 2.1)
where (dz-dy) represents the element face area. Rearranging Equation (2.1) yields to
oQ aQ
—a—;dz—#dymm-dz-dy:o (2.2)

The conduction heat rates through an isotropic material may be evaluated from Fou-
rier’s law

T,

Qz z_kw'dy'tw'g (2-3)
oT
Qy =k -dz-t, EC (2.4)

where ky and ty, are the thermal conductivity and thickness of the wall control vol-
ume, respectively. T. is the temperature of wall element evaluated at the centroid.
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Substituting Equations (2.3) and (2.4) into Equation (2.2) and dividing out the ele-
ment face area (dz-dy), we obtain

0 oT, 0 oT,

The third term (qwt) in Equation (2.5) represents the total heat flux from/into the
centroid of wall element. The evaluation of this term differs depending on the type
of fluid (moist air or refrigerant).

For the evaporators which operate under dehumidifying conditions, the total convec-
tion heat flux from moist air to the wall element surface is the summation of sensible
heat flux due to temperature difference of moist air and wall surface; and the latent
heat flux due to the humidity ratio difference between the flowing air stream and the
saturated air at the wall surface, as it can be seen in Figure 2.3.

Moist air, o, | T

Rconv,a,lat Rconv,a,sens

N W, T, Wall surface

777777
t, 12 R
T. Wall, k,,

Wall centroid sat.c

Ta>Ts>Tc

Wa> Wsat,s> Wsat,c

Figure 2.3. Equivalent thermal resistance between the moist air and the wall element.

The total heat flux for air-side Qo iS given by

Gtot,a = Acond = Yconv,a,tot = Yeonv,a,sens T Yconv,a,lat (2.6)
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where the conduction heat flux across the half thickness of the wall element is equal
to

T.-T t, /2
Qcond = kw- :W/ZC = Rcond:% (2.7)

The total convection heat transfer rate is expressed by Equation (1.9). However, to
simplify this equation, Sharqawy and Zubair (2008) proposed a linearization scheme
for the saturated humidity ratio (Equation 1.22). Substituting Equation (1.22) into
Equation (1.9) and dividing out the contact surface area, we can obtain

Oconv,a,tot = Geonv,a sens T Gconv,a lat = %a (Ta-Ts) +a, ‘ﬂ(Wa —835— ba,s 'Ts) (2.8)
h W, —W, W, —W,
where ﬁ:%’ ba s '?75&“’ and a, s =Wy _[-?f?tys}rs-
Le 'Cp,ma dp ~ 's dp s

Equation (2.8) expresses the total convection heat flux (sensible and latent) from the
air to the wall surface. b,s is the slope of saturation line between the air and wall
surface.

By rearranging Equation (2.8), we obtain the following expression

* 1
Oconv,a,tot = Qwet,a (Ta _Ts) = I:\)conv,a,tot = (2.9)
wet,a

where
is the total heat transfer coefficient for the air-side under

wet conditions, which accounts for sensible and latent

=a,(1+4-b . ) e
et a = (15 5 -bas) heat transfer, if there is no dehumidification then aweta =

oa; and
« Ta+PW,—a,s) is the modified temperature for moist air, if there is no
ST NN dehumidification then T _ .

From Equations (2.7) and (2.9), the total equivalent thermal resistance between the
moist air and the wall element centroid can be evaluated as follows:

t,/2 1
Rtot,a = Rcond + Rconv,a,tot = Vl:_ +

(2.10)
w  weta
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and the final expression for the total heat flux between the moist air and the wall
element is

Gtot,a =Uwet,a (Ta _Tc) (2.11)
where
is the overall heat transfer coefficient for the air-
U - L 1 side under wet conditions. It accounts for the to-
YT Rt tw 1 tal (sensible and latent) convection resistance and

+
2-ky aweta  the conduction resistance within a half thickness

of the wall cell.

A similar expression to that shown in Equation (2.11) is used to evaluate the total
heat flux between the refrigerant and the wall element; however, in the refrigerant
side only sensible heat flux is found.

Gtot,r =U, (Tr _Tc) (2.12)
where T, is the refrigerant temperature, while

U 1 1 is the overall heat transfer coefficient for the refrigerant-
r Riotr oty 1 side. It accounts for the sensible convection resistance
' 2k, +07 and the conduction resistance within a half thickness of

the wall cell. o is the refrigerant heat transfer coefficient.

b) Moist air analysis

In the Fin2D-W evaporator model, the air is dehumidified and cooled with decreas-
ing the humidity ratio and dry-bulb temperature, respectively. The mass balance,
taking into account the Chilton-Colburn analogy, on the moist air control volume
gives:

—0y Paw

— if
={ My 'Cp,ma Le?P (Wa Wsat,S)’ | (TS <po) (2.13)

0,if (Ts=Tgp)

oW,
oz

where Cp,ma = Cp,da +(Cp,wv 'Wa)
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Paw is the contact perimeter between the air and corresponding wall element. Cp ga IS
the specific heat of dry air, while Cpw =~ 1860 J/kg-K is the specific heat of water
vapor at constant pressure.

While, the heat balance gives

0T, Qi Paw
Za__"a aw/ 7T
oz ma.cp,ma( 2~Ts) (2.14)

¢) Refrigerant analysis

The heat balance on the refrigerant control volume is evaluated by Equation (2.15),
which is quite similar to Equation (2.14); however, the rate of change in refrigerant
enthalpy h; is used instead of the rate of change in temperature

oh, —or Ry

L= (T, T, 2.15

e U (2.15)
where i, is the mass flow rate of refrigerant, and Py, is the contact perimeter be-
tween the refrigerant and wall element.

2.2.2.2  Boundary conditions

For solving the previous system of equations a set of boundary conditions is needed.
Inlet conditions and velocity distributions are known for air. The wall edges are con-
sidered to be adiabatic with the surrounding. Only two tubes of the whole evaporator
are going to be modeled in this chapter, so an additional boundary condition is nec-
essary. As a result, the both tubes are assumed to have a symmetry condition, adia-
batic-section at half the channel height. This condition implies that the heat trans-
ferred from a tube to each of the adjacent tubes is the same.

2.2.2.3  Numerical discretization of the governing equations

The FVM (Patankar, 1980) has been adopted along with the semi-explicit method
for wall temperature linked equation (SEWTLE), proposed by Corberan et al.
(2001), to discretize the governing equations.

Every fluid cell (refrigerant or air) has two nodes, which correspond to the inlet and
the outlet in the fluid flow direction. The wall cells (tube or fin) have only one node
located at the centroid of the cell, as shown in Figure 2.4.
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All cell’s local variables are referred to the value in these nodes; e.g. T"and T,** are

the temperature at the inlet and outlet, respectively, of a fluid cell i (refrigerant or
air). T, is the temperatures of a wall cell j (tube or fin) defined at the centroid.

Refrigerant flow>
hi.n _ QUt
.+ Refrigerant cell U
Tube wall cell == Camprane
T.. ~—&&= el AL

cJ J. . R
Fin wall cel—4—F—F——»*  /

T \ out
o %'cell I V /
4

Air flow

Figure 2.4. Cells schematic and definition of the cell nodes.

The discretization of governing equations does not present any special difficulty,
expect for the estimation of the integral of the total heat fluxes into/from the fluids
in contact with a considered piece of wall, which are expressed in Equations (2.11)
and (2.12). This integration must be consistent with the integrations of the coincident
terms of fluid energy and mass balances equations (Equations 2.13, 2.14, and 2.15).

The numerical scheme corresponding to a linear fluid temperature variation (LFTV),
as explained in Corberén et al. (2001), is employed for the discretization of the heat
and mass transfer terms in the governing Equation. This numerical scheme is basi-
cally based on assuming a piecewise distribution of the fluid temperature and hu-
midity ratio (in the case of moist air) along the fluid cell. The discretization of the
2D heat conduction term in Equation (2.5) has been made by the classical finite dif-
ference approach according to the adopted FVM.

The final numerical discretization scheme of the governing equations for walls (fin
and tube), moist air, and refrigerant are explained next.
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a) Discretization of wall governing equations

The discretization of Equation (2.5) for any wall cell (j) in contact with n; fluid cells
(i=1—n) is

nj
i Tei=Ajt Tet— 2 Ajk Tok =2 Otij - Bj -Asj  (2.16)
1

k=W,E,S,N i=
where
Y W:M _ Ezki—E'AJ'—E , Szkj—S'Aj—s
. Sli_w : Sli_e ) Slis
Ki nc-Ai K ¢ A 3
/l'j—N :M’ /Ij—f — J f ) f ,and ﬁ,l = Z ﬂ.j_k-
olj_n oli_ k=W,E,S,N

Asij is the contact length between the fluid cell i and corresponding wall cell j along
the fluid flow direction. All /;—terms refer to the thermal conductance between the
current wall cell j and the adjacent wall cell in the direction k. The direction refer-
ences used in the tube wall cells are different from the directions used in the fin wall
cells, the two schematics used in the current model are shown in Figure 2.5. The term
Jj— 1s evaluated only if the current cell j is a tube cell, to account for the heat con-
duction between the current tube cell and adjacent fin cell.

The total heat flux term (the right-hand-side of Equation 2.16) is evaluated as fol-
lows:

U et i ('IT,J* —Te.j ) if i isan air cell

Qtot,ij = _ o ) (2.17)
Uy (Ti —Te.j ) if i is a refrigerant cell
where
_ in L out is the average temperature within the fluid cell i; and
T Th
! 2

T in T out s the average modified temperature for moist air, for dry con-

T S L 5 - ditions (no dehumidification) T; =T;.
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| S |

Fin cell J
b)

adjacent fin cell

Figure 2.5. Direction references. (a) For fin wall cells. (b) For tube wall cells.

70



Fin2D-W Model

b) Discretization of moist air governing equations

After discretizing the mass and heat balances equations (Equations 2.13 and 2.14),
the outlet air humidity ratio from any air cell i in contact with n; wall cells (j=1,n;) is
expressed as

18 ap; Ry n % apj By
1- EZ#'ASi W +Wsat,s,j 'Z#'Asi
= E
W.out —
i (2.18)
1< ap,ij - Rj
1+ 2 3 A,

2 o m;

while the outlet air temperature is given by

Py . N g P
TIES .U RNV I A SV I

T.0Ut _ 2 j=2 M ‘Cpma, j=1Mi - “p,ma,i
1

e R @19
[;ZPA]

j=1 m; ‘Cp,ma,i

¢) Discretization of refrigerant governing equations

The discretization of the refrigerant heat balance equation (Equation 2.15) gives

i N
Ah = _ZM(Ti ~Ts.j)As (2.20)
j=1

m;

For the one-phase flow, Equation (2.20) becomes similar to Equation (2.19) for air.
Whereas, for the two-phase flow the outlet temperature depends on the outlet pres-
sure of the refrigerant.

2.3  General Description of the Numerical Solution

Figure 2.6 presents the flowchart for the numerical solution applied in the present
work. After providing the evaporator data then discretizing it to tube, fin, air, and
refrigerant cells; the initialization process starts. The fluid outlet properties are ini-
tialized for both fluids (air and refrigerant) with the corresponding inlet properties.
Any wall cell is initialized using the average temperature of the fluid cells in contact
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with it. Afterward, the corresponding saturated humidity ratio at the wall surface is
calculated. Finally, the mass flow rate for each fluid cell is determined.

Secondly, the iterative procedure starts. It consists of two main steps: fluid calcula-
tions and wall calculations. In the first step, the fluid outlet humidity ratio (in the
case of the moist air), temperature, and enthalpy are calculated using Equations
(2.18), (2.19), and (2.20), respectively. However in case of evaluating the moist air,
an extra check is required to ensure that the outlet air humidity ratio does not exceed
the saturation condition for the same outlet dry-bulb temperature.

If the outlet humidity ratio of the air exceeded the saturation condition, a correction
procedure is implemented, as demonstrated in Figure 2.7, to reallocate the outlet air
point on the saturation curve. In this procedure, the outlet air enthalpy is kept con-
stant, and an iterative (Newton—Raphson) loop is used to recalculate new outlet air
temperature and humidity ratio. Finally, the amount of total heat transfer from/to
each fluid cell is calculated and stored. If there is a dehumidification process, the
amount of condensed water is also calculated.

In the second step of the iterative procedure, the wall (fin and tube) cells tempera-
tures are calculated using Equation (2.16). In the presence of 2D LHC, Equation
(2.16) shows that the wall cell depends on the wall temperature of the adjacent wall
cells; when there is no LHC, the exact solution at this step consists of explicit calcu-
lations. To determine any wall cell temperature at the presence of LHC, it is neces-
sary to solve a system of linear equations involving all the wall cells temperatures.

If we take into account that it is not worth to obtain the exact solution in each step,
the best methodologies to deal with this calculation are:

o Using for each tube cell equation, the values of temperature of adjacent tube
cells corresponding to the previous iteration. This way converts Equation
(2.16) into an explicit equation, but this method needs much time to converge.

e Line-by-Line iteration method (Patankar, 1980). This technique converts the
system of equations into a tri-diagonal system of equations, which can be
solved easily.

o Block-by-Block (Patankar, 1980). It is based on the line-by-line method, but
it adds a correction to the solution after finishing each iteration. It has the ad-
vantage of faster convergence than the line-by-line method, but it needs twice
the number of operations.
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Inputs:

e Evaporator geometry.

¢ Inlet air and refrigerant properties.

e Number of air and refrigerant circuits.
¢ Finand tube discretization schemes.

Initialization process:

¢ Discretizing the evaporator (walls and fluids) to cells.
Initializing the fluids (air and refrigerant) properties.
Initializing the wall (fin and tube) temperature field.
Determining the mass flow rate in each fluid cell.
Initializing the solver (determining the criteria of the residual
calculation and initializing the iteration counter).

-
«

v

Iterative process:
e Fluid cells calculations (outlet Temperature, humidity ratio, and
enthalpy).
¢ Wall cells calculations (temperatures and saturated humidity ratio
at the centroid and surface).
e Residual calculations for all evaporator cells.

Max. {|Residua]\cc]l i} <

Tolerance

Yes

l

Outputs:

¢ Qutput parameters (sensible, latent, and
total heat transfer, and total mass flow
rate of condensed water).

e Fluids temperature and humidity ratio
fields.

e Wall temperature and saturated
humidity ratio fields.

Figure 2.6. Flowchart of the numerical solution for the Fin2D-W model.
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Figure 2.7. Correction procedure for the exceeding outlet air points.

In the current model the solution of wall governing equations is obtained firstly by
the line-by-line method then the results are refined by the block-by-block technique
after each iteration.

The residual for each cell (wall or fluid) is calculated as a scaled absolute heat bal-
ance in that cell. In each iteration, the value of the global residual is updated as the
maximum value from all evaporator cells. At the end of each iterative process the
value of the global residual is compared with the defined tolerance value.

The last process in the numerical solution is the outputs of results. After the global
residual has reached the accepted tolerance, a special function is used to output all
the heat and mass transfer parameters (sensible, latent, and total heat transfer rates),
temperature fields, and humidity ratio fields.

2.4 Case Study and Evaporator Dimensions

In the presented case study, a minichannel evaporator which was tested by Zhao et
al. (2001) is modeled. The minichannel used is shown in Figure 2.8.

The evaporator comprises of two microchannel unit slabs. A schematic diagram and
picture of one of these unit slabs, besides a picture of fins and tubes, are shown in
Figures 2.9, 2.10, and 2.11, respectively.
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Figure 2.8. Minichannel tube used by Zhao et al. (2001).
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Figure 2.9. Schematic of a minichannel unit slab (Zhao et al., 2001).

Figure 2.10. Picture of a unit slab (Zhao et al., 2001).
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Figure 2.11. Picture of fins and tubes (Zhao et al., 2001).

The reference case study is shown in Figure 2.12. It consists of two tubes with their
fins attached. Only the tube length (along the refrigerant flow direction) has been
modified according to the scope of the current work; because the heat and mass
transfer mechanisms are independent of the tube length and the number of tubes for
the developed model. The refrigerant has only one pass along the evaporator with
the same mass flow rate in both tubes. Table 2.1 summarizes the most important
geometric data for the case study.

Refrigerant Moist air

Figure 2.12. Schematic of the evaporator portion under study.

These geometrical specifications are sufficient to study the phenomena encountered
in this kind of heat exchangers and to evaluate the sources of deviations between the
different modeling approaches; since, the relevant dimension to be discretized, in
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order to face the main prediction challenges which have been discussed, is the fin
height.

Table 2.1. Geometry of the case study.

Tube length [cm] N Channel diam-
(refrigerant flow direction) 86 Fin pitch [mm] 1.59 eter [mm] !
Tgbe depth [mm] 16 Fin thickness 0.152 Number of 10
(air flow direction) [mm] channels

Tube thickness [mm] 0.5 Fin height [mm] 8

For evaluating the thermodynamic and transport properties of the refrigerant and dry
air, REFPROP® (Lemmon et al., 2002) was used; while the moist air properties were
evaluated by the psychrometric relationships and charts which were presented in
ASHRAE (2009) and they are summarized in Chapter 6, Section 6.1. The air prop-
erties were locally evaluated, whereas the refrigerant properties were assumed as
uniform and evaluated as averaged values between corresponding values at the inlet
and outlet of the studied evaporator portion, since the current study only focuses on
the air-side analysis. The thermal conductivity of the fin and tube walls was esti-
mated to be 173 W/m?-K.

2.5 Numerical Verification of the Fin2D-W Model

It is necessary to verify the current model before employing it to produce detailed
solutions of heat and mass transfer in the equivalent piece of the minichannel evap-
orator (Figure 2.12). With this purpose in mind, a series of systematic checks against
operational cases were performed.

The detailed discretization of the air flow in the y-direction (between tubes) which
is adopted in Fin2D-W makes it difficult to compare Fin2D-W predictions with those
of analytical solutions. So the verification study consisted mainly of two scenarios
which have an analytical solution:

o Air-side verification (V1): For the refrigerant, the infinite heat capacity rate
(m1-Cp.r) was imposed which results in no temperature change for the refriger-
ant. Also, the 2D LHCs (LHCx and LHC,) in the tube and LHC,; in the fin were
disabled because the available analytical solutions do not account for these
effects. The detailed discretization of the air flow in the Fin2D-W model ac-
counts for non-uniform air temperature and humidity ratio along the y-direc-
tion (along the fin height). Since this effect is not taken into account by any
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analytical solution, the fin and air were only discretized in the z-direction (air
flow direction); whereas only one cell was used along the y-direction. This
discretization was adopted to make a valid comparison between the results of
the Fin2D-W model and analytical case. On the other hand, it is not possible
to capture the fin temperature variation with only one cell along the y-direc-
tion; thus, the value of the thermal conductivity of the fin in this direction was
set as infinite. Under this situation, the fin efficiency was equal to unity, and
the fin wall temperature was uniform along the y-direction. The numerical so-
lution was compared with the analytical one based on a zero heat capacity
ratio heat exchanger (Bergman et al., 2011), e = 1-exp (-NTU).

Fin temperature profile verification (V2): the fin conductivity in the y-di-
rection had a value corresponding to the case study. Two cases were studied,
without and with the presence of temperature difference between fin roots (for
totally wet and dry conditions). The analytical relationships for the fin tem-
perature distribution and efficiency were taken from Wu and Bong (1994) and
Shargawy and Zubair (2008). These relationships assume a uniform air tem-
perature and humidity ratio along the y-direction, and uniform air properties
and heat transfer coefficient. Thus, to avoid the air temperature variation along
the y and z directions, the infinite air heat capacity (7a:Cpma) Was imposed.
The refrigerant heat capacity rate was also assumed to be infinite to obtain a
uniform tube wall temperature along all fin roots. The fin was discretized only
along the y-direction. In the z-direction only one fin cell was used, so there
was no LHC; in the fin.

Figure 2.13 shows the error of the numerical solution with reference to the analytical
one for the case of V1 under totally wet and totally dry fin conditions. The figure
demonstrates that the error tends to diminish very quickly by increasing the number
of air/fin and tube wall cells (N) used in the z-direction. It can be observed that the
error is already very small for N = 5.
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Figure 2.13. V1 results of the Fin2D-W model. (a) For totally wet fin condition. (b) For totally
dry fin condition.

The results of V2 are depicted in Figures 2.14 and 2.15 for the totally wet and dry
conditions as a function of the number of fin cells in the y-direction, respectively.
Two situations were considered: equal tube temperatures at the bottom and the top,
and a temperature difference of 5 K between tubes. 0 is the difference between the
fin temperature and the air temperature. It can be observed from the figures that there
is a very good agreement between the numerical and analytical temperature profiles
for all the scenarios studied, especially with the increase in number of the fin cells
in the y-direction.
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Figure 2.14. V2 results of the Fin2D-W model for a totally wet fin. (a) No temperature differ-
ence between tubes. (b) Temperature difference of 5 K between tubes.
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Figure 2.15. V2 results of the Fin2D-W model for a totally dry fin. (a) No temperature differ-
ence between tubes. (b) Temperature difference of 5 K between tubes.

It can be concluded that at the same location on the fin, temperature difference be-
tween the air and fin surface is smaller for a wet fin than for a dry one. Thus, the
surface temperature increases (because of the release of latent heat of condensation)
when there is moisture condensation, the higher the relative humidity, the higher the
surface temperature becomes.
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2.6 A Comparative Study between the Classical e-NTU Approach and
the Fin2D-W Model.

Once the Fin2D-W model has been verified it can be used as the reference to check
the error made by the classical modeling methods for heat exchangers and study the
impact of their implicit assumptions on the air-side performance of minichannel
evaporators.

The most renowned classical modeling method is the logarithmic mean temperature
difference or enthalpy difference method. The major disadvantage of this method
that the outlet conditions for both air and refrigerant have to be known. Nevertheless,
this method could still be used for the analysis; however, the procedure would re-
quire more iterations. One way to simplify the heat transfer rate calculations and
reduce or eliminate the iterations in the solution of the discretized heat exchanger is
to apply the e-NTU method (Kays and London, 1984). This method is based on the
heat transfer effectiveness (€) which is the ratio between the actual heat transfer and
maximum possible heat transfer rates. Effectiveness relations of the heat exchangers
typically involve the dimensionless group UA/( riz-Cp)min. This quantity is called the
number of transfer units (NTU); where UA; is the thermal conductance for heat ex-
changer, and (72:Cp)min is the minimum heat capacity.

Most of the simulation models divide the evaporator tube into segments along the
refrigerant flow with its corresponding fins. Once the evaporator has been divided
into segments, the adiabatic fin-tip-assumption at half the height and classical e-NTU
relationships for heat exchangers are employed to solve the heat and mass transfer
for each segment (Kays and London (1984) for dry cases, and Ragazzi (1995) for
wet cases). This method simplifies the solution and reduces the calculation time, but
on the other hand, it has many drawbacks, as discussed extensively by Martinez-
Ballester et al. (2010). However, presence of the dehumidification process shows
some other drawbacks including the following.

1. Uniform air temperature and humidity ratio along the y- and z-direc-
tions: the e-NTU approach assumes that the air temperature and humidity ra-
tio are constant along the y-direction (fin height); since the e-NTU approach
uses the fin theory which is developed under this assumption. This assumption
deviates from the reality because the temperature of the air flowing close to
the tube and fin roots becomes much closer to the wall temperature. Conse-
guently, the humidity ratio of the air in these regions becomes very close to
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the saturation condition. Additionally, fin theory assumes uniform air temper-
ature and humidity ratio along the z-direction (air flow direction). However,
the impact of this assumption could be reduced by discretizing the fin along
this direction. Applying the fin discretization in z-direction makes the assump-
tion of uniform air temperature and humidity ratio to be only applied along
the y-direction.

. No accounting for partially wet fin conditions: actually, depending on the
local dew point of surrounding air, fin roots temperatures, and fin efficiency,
the fin surface can be fully dry, fully wet, or partially wet. In the e-NTU ap-
proach, the identification of the surface temperature below or above the dew
point along both the tube and the associated fin appears to be difficult. Thus,
in this approach, the whole segment is usually assumed to be either completely
dry or completely wet based on the following condition proposed by Jiang, et
al. (2006), which is widely used by many other authors in the literature. If the
average surface temperature of the walls (fin and tube) Ts is less than the av-
erage dew point temperature of the surrounding air Tgp, then the entire segment
will be assumed to be totally wet; otherwise, it will be assumed to be totally
dry. The average surface temperature of the wall is calculated under the dry
fin condition assumption as follows:

Ts =77t ary (TfB _fa)"'fa (2.21)

. Constant saturation line slope b within the entire segment: in the e-NTU
method, the slope b of the saturation line is assumed to be constant for the
entire segment. It is usually evaluated at the fin mean temperature or as the
average value between the fin base and tip conditions.

In the current study only the air-side of the evaporator is considered. In the Fin2D-
W modeling, the evaporator piece defined in the case study was discretized in a de-
tailed grid {3,1,10,30,10}. This discretization grid was adopted according to the ver-
ification results of the proposed model, additionally, it gives the best combination
between the calculation speed and solution accuracy. However, for the classical -
NTU modeling the fins were assumed to be adiabatic at half the height which resulted
in two segments (upper and lower), as shown in Figure 2.16. Each segment was
treated separately using the corresponding adiabatic-fin-tip efficiency (for wet or dry
condition) and thermal effectiveness relationship.
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Adiabatic-section
at half the fin height

Refrigerant

Figure 2.16. Schematic of the equivalent evaporator portion used in the e-NTU
modeling.

The e-NTU model was developed within the Microsoft Excel® 2013 and Engineering
Equation Solver (EES) (Klein, 2004).

To allow a fair and clear comparison in same conditions between the two models,
the following assumptions are made: the tube temperatures are assumed to be known
and specified, the air-side heat transfer coefficient is constant, and the properties of
moist air are also constant. Accordingly, the thermal effectiveness relationship used
in the e-NTU model is similar to that used in verification study.

The air-side sensible heat transfer coefficient aa was assumed to be = 48 W/m?-K,
which is considered to be a normal average value in air-to-refrigerant heat exchang-
ers (Bergman et al., 2011). Since the air velocity does not change, the heat transfer
coefficient remained the same for all the cases under study. For moist air, the Lewis
number is close to unity (Coney et al., 1989c), so a Lewis number of unity was as-
sumed in the current study.

Three inlet air cases, which represent different applications of refrigeration and air
conditioning, have been chosen. In each case, a different range of tube temperatures
has been selected to simulate and evaluate the evaporator performance under differ-
ent dehumidifying conditions. Those cases are defined next.

e Case I: high-temperature refrigeration applications. Most vegetables and
fruits are stored, in the short term, in a temperature range varying from 7.2 to
15.6 °C and relative humidity range of 80 to 95% to prevent dehydration

84



Fin2D-W Model

(Whitman et al., 2012). In the current study, the evaporator inlet air conditions
were kept at 14 °C and a dew point of 12.39 °C (= 90% RH).

e Case Il: air-conditioning (cooling and dehumidification) applications.
ASHRAE (2011) specified general guidelines for temperature and humidity
applicable to offices and common areas. For example, in summer, the indoor
temperature should range from 23.3 to 26.7 °C while the relative humidity
should range from 50 to 60%. According to the previous thermal comfort def-
inition of ASHRAE, the inlet air conditions to the evaporator in the current
case were set at 27 °C and a dew point temperature of 17.2 °C (= 55% RH).

o Case Ill: heat pump drying applications. Heat pump dryers have been
known to be energy efficient when used in conjunction with drying operations.
The hot humid air which exits from the drying process is forced to flow
through an evaporator for cooling and removing the excess moisture before
heating it again through the condenser to increase its potential for humidity
transport. Pendyala et al. (1986) stated that in typical drying applications, for
example cloth drying, the air conditions are in the range of 25 to 65 °C and 40
to 100% RH. So in the current situation, the evaporator inlet air conditions
were fixed at a dry bulb temperature of 40 °C and a dew point of 32.69 °C,
which corresponds to ~ 67% RH.

Table 2.2 summarizes the different inlet air cases for the evaporator, which were also
used in the verification study.

Table 2.2. Inlet air conditions used in the simulations.

) ) Inlet
T."[°Cl RH] [%] Inletvelocity [m/s] Ga[kg/m?s] et pressure
[kPa]
Casel 14 90
Case II 27 55 3.0 3.34 100
Case III 40 67

The current comparative study is divided into two further sub-studies: in the first
sub-study, there is no temperature difference between tubes; while in the second one
there is a temperature difference between the upper and lower tubes. Each sub-study
is discussed in details as follows.
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2.6.1 Equal temperature for the upper and lower tubes (no superheat)

Figures 2.17 to 2.19 show the relative deviations, based on the Fin2D-W results, in
heat transfer rates between the classical e-NTU method and the present numerical
model for the three inlet air cases under study. In the current study there is no tem-
perature difference between upper and lower tubes, this means that the two tubes
always have the same temperature. It can be noticed that the difference between the
single and dual potential models is very small and does not affect the results much.
It is worth mentioning that Wu and Bong (1994) and Shargawy and Zubair (2008)
reported a similar result in their analytical analysis of a totally wet straight fin.

2.6.1.1  Analysis of a totally dry fin

The fin is considered fully dry if the temperature of its surface at any location is
equal to or greater than the surrounding air dew point temperature. Under this situa-
tion, only sensible heat transfer occurs between the air and the wall.

It can be concluded from Figures 2.17-2.19 (parts a and c) that for each inlet air
case, the deviation in sensible and total heat for the totally dry fin is not affected by
the change in the tube temperature. This deviation could result from the assumption
of a constant air temperature between tubes, which is adopted by the e-NTU ap-
proach. However, the temperature of air close to the tube wall and fin roots is actually
very different from the bulk air temperature. This fact has an important impact on
local effects controlling the heat transfer, and contributes significantly to the devia-
tion between the e-NTU method and the current model results. Similar results and
conclusions were reported by Martinez-Ballester et al. (2010).

The value of the average deviation in sensible heat transfer rate for the three inlet air
cases is 3.94%. The deviation value decreases very slightly (0.1% in total) with an
increase in the moist air specific heat, which depends on the humidity ratio of the
air.
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Figure 2.17. Relative deviations in (a) sensible, (b) latent, and (c) total heat transfer rates be-
tween the e-NTU and Fin2D-W models, for Case I (without superheat).
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Figure 2.18. Relative deviations in (a) sensible, (b) latent, and (c) total heat transfer rates be-
tween the e-NTU and Fin2D-W models, for Case II (without superheat).
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Figure 2.19. Relative deviations in (a) sensible, (b) latent, and (c) total heat transfer rates be-
tween the e-NTU and Fin2D-W models, for Case III (without superheat).
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2.6.1.2  Analysis of a partially wet fin

A partially wet fin is a transition condition between totally dry and totally wet con-
ditions. In this scenario, the tube temperature is slightly less than the dew point of
air. This results in some locations on the fin surface having a temperature lower than
the average dew point of the surrounding air, and thus, simultaneous heat and mass
transfer occurs. Meanwhile, the remaining fin surface still has a temperature higher
than the dew point of the surrounding air, which results in only sensible heat transfer.

The range of partially wet fins is very small, as it can be seen in Figures 2.17, 2.18,
and 2.19. The maximum range is about 0.5°C. Normally, the multi-louvered fin that
is employed in minichannel evaporators is short with an average height of 8 mm and
a very small thickness of = 0.1 mm. These specifications lead to a very high fin
efficiency, even under wet conditions, which could result in this small partially wet
fin range.

At the beginning of the partially wet region, the classical e-NTU method still con-
siders the fin to be totally dry because the average segment wall temperature is still
higher than the average dew point of air; this results in an underestimation of the
latent heat by 100% compared with numerical results. Figure 2.20 shows the fin tem-
perature profile, the amount of water condensed from the air in milligrams per hour,
and the air temperature and humidity ratio profiles in both longitudinal and trans-
verse directions, for Case 1l at tube temperature T; = 32.60 °C. It can be clearly
observed that the e-NTU method fails to predict the fin status, and the fin is actually
under a partially wet condition.

With a further decrease in the tube temperature, the percentage of the wet region is
increased, and the e-NTU method starts to assume a totally wet fin. This assumption
results in an overestimation of the latent heat compared with the Fin2D-W model
and a rapid increase in the deviation between the two approaches for all inlet air
cases, as seen in Figures 2.17b, 2.18b, and 2.19b. Numerical results for Case Il are
illustrated in Figure 2.21, where the T = 17.0 °C. It can be seen that the wet region
nearly occupies 40% of the fin surface area, while the rest remains dry.
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Figure 2.20. (a) Fin temperature profile. (b) Mass flow rate of condensed water. (c) Air temper-
ature profile. (d) Air humidity ratio profile for Case III at T;= 32.60 °C.

The misprediction of the fin condition and the latent heat transfer rate by the e-NTU
approach also affects the sensible heat transfer rate in the partially wet region. The
assumption of a totally wet fin, even though the fin is actually under the partially wet
condition, results in an increase in the fin surface temperature due to the release of
latent heat of condensation. A higher fin temperature results in a lower heat transfer
potential between air and fin, which causes a decrease in the relative deviation of the
sensible heat transfer rate. As shown in Figure 2.19a, in the case of extremely high
air temperature and RH, as encountered in Case IlI, the assumption of a totally wet
fin results in a higher estimation of condensed water on the fin surface, which sub-
stantially suppresses the sensible heat transfer rate. Consequently, the &-NTU
method starts to underpredict the amount of sensible heat by 1.8% compared with
Fin2D-W model.
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Figure 2.21. (a) Fin temperature profile. (b) Mass flow rate of condensed water. (c) Air temper-
ature profile. (d) Air humidity ratio profile for Case I at T;=17.0 °C.

2.6.1.3  Analysis of a totally wet fin

With a further decrease in the tube temperature, the entire fin surface becomes much
lower than the dew point of the surrounding air, and the fin becomes totally wet as
depicted in Figure 2.22 for Case Il at Ty = 10.0 °C. Furthermore, it can be seen from
Figure 2.22 (parts c and d) that the air temperature and humidity ratio profiles along
the fin height are generally flat. Nevertheless, there are remarkable temperature and
humidity ratio gradients in the portions near the tubes, which approximately occupy
10% of the fin height.

At the beginning of the totally wet region, the deviation in latent heat transfer rate
starts to decrease rapidly because the two approaches (Fin2D-W and &-NTU) now
predict the same fin condition. Further lowering of the tube temperature results in a
small decrease in the relative deviations of the latent and total heat transfer rates and
in an increase in the relative deviation of the sensible heat transfer rate. The average
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relative deviation (ARD) values in sensible, latent, and total heat transfer rates for
the three cases studied under the totally wet condition are shown in Table 2.3.
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Figure 2.22. (a) Fin temperature profile. (b) Mass flow rate of condensed water. (c) Air temper-
ature profile. (d) Air humidity ratio profile for Case III at T;=10.0 °C.

It can be concluded from the results that generally the e-NTU method overpredicts
the sensible, latent, and total heat transfer rates in the fully wet region, except in Case
III at the beginning of the totally wet fin, where the e-NTU method slightly under-
predicts the amount of sensible heat transfer. The assumption of no temperature var-
iation of the air along the y-direction, which also results in a constant humidity ratio
within the same direction, could be one of the reasons for this deviation in results.
Also, the way of calculating the saturation line slope b, which is usually assumed by
the e-NTU method to be constant for the whole segment, could contribute to this
deviation. However, in the current Fin2D-W model, this slope is calculated individ-
ually at each wall cell based on the surface wall temperature and the average condi-
tions of the adjacent air cells.
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Table 2.3. Average relative deviation* (ARD) in heat transfer rates under totally wet con-
dition (without superheat) [%].

Casel Case Il CaseIIl  Total average for the three cases studied
Sensible heat 3.54 3.10 3.70 3.45
Latent heat 28.38 19.48 20.86 2291
Total heat 4.12 411 4.10 411

* Relative deviation between the e-NTU and Fin2D-W models [%]=[(QenTu— QFin2p-w)/ QFinzp-w]*100

2.6.2 Presence of a temperature difference between the upper and lower

tubes (superheat)

In the previous study, the same temperature for the upper and lower tubes was always
assumed, accordingly the assumption of adiabatic-fin-tip at half the height is exactly
correct under this case. However, in evaporators there is usually a region of super-
heat. This subsequently results in a temperature difference between adjacent tubes
which, in turns, results in a significant temperature gradient in the fin regardless the
fin efficiency. Under this situation, the assumption of adiabatic-fin-tip at half the
height, which prevents the heat conduction between tubes, is not valid any more.

Hence, in the current study the Fin2D-W model is employed to mainly evaluate the
impact of this assumption on the air-side performance of minichannel evaporators
under different dehumidifying conditions; and for scenarios with different degree of
temperature difference between tubes due to the refrigerant superheat. A range of
lower and upper tubes temperatures has been selected to simulate presence of a re-
frigerant superheat in the evaporator tubes. The superheat (SH), in the current study,
is defined as the difference between upper tube temperature T, and lower tube tem-
perature Ty This scenario corresponds to a case in which the refrigerant evaporates
in the bottom tube while is superheated in the upper one.
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Figure 2.23. Relative deviations in (a) sensible and (b) latent heat transfer rates between the &-
NTU and Fin2D-W models, for Case I (with superheat).

Figures 2.23—2.25 (part a) show the relative deviations in sensible heat transfer rate
between the two models. The average values of these deviations for Cases I, 11, and
111 are 4.10%, 3.30%, and 2.0%, respectively. The main source of these deviations is
the assumption of uniform air temperature between tubes, which is adopted by the -
NTU model. It is worth mentioning that Martinez-Ballester et al. (2011) reported
similar deviations for the sensible heat transfer results in a comparative study be-
tween the e-NTU approach and a 2D numerical model for minichannel CO; gas
cooler.
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Figure 2.24. Relative deviations in (a) sensible and (b) latent heat transfer rates between the &-
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Figure 2.25. Relative deviations in (a) sensible and (b) latent heat transfer rates between the &-
NTU and Fin2D-W models, for Case III (with superheat).

The main disadvantage of the e-NTU model that it does not account for partial de-
humidification scenarios, so with the increase in superheat it tends to convert the fin
condition suddenly from totally wet to a half wet fin. This, in turn, affects the average
fin temperature, because of the change in the released amount of latent heat of water
condensation, and subsequently the sensible heat transfer rate. This could explain the
sudden increase in relative deviations in sensible heat transfer rate between the two
models in the transition region, as shown in Figures 2.23a, 2.24a, and 2.25a.
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The relative deviations in latent heat transfer rate between the e-NTU and Fin2D-W
models, based on the Fin2D-W model results, for the three inlet air cases under study
are illustrated in Figures 2.23—2.25 (part b). In the first region (R1) both models
assume a totally wet fin, however, it can be seen in these figures that the e-NTU
model generally overpredicts the latent heat transfer rate compared with the Fin2D-
W model. The assumption of uniform humidity ratio along the fin height could be
the main responsible of these differences in results.

With a further increase in superheat, the second region (R2) starts. Despite the aver-
age fin temperature (Equation 2.21) is used by the e-NTU model for estimating the
fin condition, once the fin root temperature becomes very close or equal to the dew
point of surrounding air the e-NTU model immediately converts the status of upper
half of the fin from totally wet to totally dry. This is the consequence of high fin
efficiency which usually exists in minichannel heat exchangers. On the other hand,
the Fin2D-W model still treats the whole fin as totally wet within this region. Usu-
ally, R2 is small and this discrepancy in the fin condition does not affect the results
so much. However, for some studied conditions, the e-NTU model underestimates
the latent heat transfer rate compared with the Fin2D-W model, as it can be seen in
Figures 2.23b, 2.24b, and 2.25b.

To understand more the deviations between the two models in this region; the fin
temperature profile and mass flux of condensed water, at half the fin depth along the
air flow direction (z-direction), for a point in R2 are shown in Figure 2.26. This point
represents Casell, when T=2.0 °C and SH=15.15 K. It can be clearly observed that
the e-NTU model fails to predict the actual fin temperature profile, which subse-
guently results to a misprediction of the real dehumidifying condition of the fin and
latent heat transfer rate, compared with the Fin2D-W model.

In the third region (R3), unlike the e-NTU model which always assumes that the
upper half of the fin is totally dry while the lower half is totally wet; the Fin2D-W
model considers any dehumidifying condition of the fin, from 0% to 100% wet. It
can be noticed from Figures 2.23—2.25 (part b) that the deviations in latent heat
transfer rate exponentially increase with the increase in superheat, especially with
the increase in lower tube temperature. The values of these deviations are up to 33%,
144%, and 191% for Cases |, Il, and I11, respectively.
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Figure 2.26. (a) Fin temperature profile and (b) mass flux of condensed water, at half the fin
depth, for a point in R2. This represents Case II, when Tt = 2.0 °C and SH=15.15 K.

The assumption of adiabatic-fin-tip efficiency at half the height, which is usually
adopted by the classical e-NTU approach, results in a non-continuous fin tempera-
ture profile; while the Fin2D-W model considers a continuous temperature profile.
This discrepancy leads to considerable differences as the superheat increases. The
fin temperature profile resulted from the e-NTU model is also affected by the high
fin efficiency, which subsequently results in an average fin temperature that is too
close to the tube wall temperature. This fact, besides the assumption of non-mixed
air in the y-direction and the misprediction of actual fin condition, can lead to these
substantial deviations between the two models, which depend on superheat value and
tube temperature.
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To clarify more the impact of adiabatic-fin-tip assumption at half the height on the
heat transfer results, Figure 2.27 depicts the fin temperature profile and the amount
of condensed water at half the fin depth, for a point in R3.
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Figure 2.27. (a) Fin temperature profile and (b) mass flux of condensed water, at half the fin
depth, for a point in R3. This represents Case II, when Ti = 12.0 °C and SH=15.0 K.

This figure represents an extreme condition for Case Il, where T=12.0 °C and
SH=15.0 K. It can be seen that the Fin2D-W model predicts that approximately 35%
of the fin surface is wet, while the rest is dry. However, the e-NTU model assumes
that the upper portion (50% of the fin height) does not exchange either the heat or
the mass with the surrounding air because the temperature of the whole upper portion
is equal to the inlet air temperature. Whereas, the entire lower portion is assumed to
be totally wet with an average fin temperature ~12.37 °C, which is very close to the
lower tube temperature.
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Figure 2.28 shows the relative deviations in total heat transfer rate between the &-
NTU and Fin2D-W models against the superheat for the three cases studied. This
gives a general idea about how far the classical modeling assumptions influence the
global air-side performance of minichannel evaporators.

It can be clearly noticed that the large deviations in latent heat transfer rate, espe-
cially in the partially wet region (R3), significantly affect the deviations in total heat
transfer rate. The values of these deviations, between the two models, for Case I, I,
and Il are up to 16%, 30%, and 52%, respectively.

The ARD values in latent and total heat transfer rates for the three lower tube tem-
peratures for each inlet air case are presented in Table 2.4.

Table 2.4. Average relative deviation (ARD) in latent and total heat transfer rates between
the e-NTU and Fin2D-W models (with superheat) [%].

R1 R2 R3
Case ARD in ARD in ARD in ARD in ARD in ARD in
latent heat  total heat  latentheat  total heat latent heat total heat
I 1.70 2.91 -1.72 1.48 9.20 6.30
II 3.0 3.0 -1.13 1.87 43.0 13.2
III 5.0 3.0 2.30 2.0 50.0 19.50

According to the results of the current study, it can be concluded that the latent heat
transfer under wet conditions has an influential contribution to the total heat transfer
rate in minichannel evaporators, and it should not be neglected anyhow. However,
to estimate correctly the latent heat transfer rate, it is very important to identify firstly
the actual dehumidifying condition for the fin and tube.

101



Chapter 2.

18
. /x -a-T_|t=5°C
g . Ta'i":l4 15 ‘/ ->T_lt=8 °C
.5 12 | Tap.ain= 12.39°C /A/
8 10 ; )
5 R2) //
; ) ému r /
8 6 / //
7 f ®Dss|| «
4 9———*.._’&_?_ @\\‘
2 S a——
0 =) ) /.
° ? 10 12

4 6 8
Superheat (SH)=T,Ty [K]

40 T.in=27 °C -o-T_It=2 oC
a,in L
b) Case ll Typain= 17.20 °C

T _It=7 °C
=% e ~« T _It=12°C
= - 2
:% 20 x‘// /////

é @ /// /A//
® 10 Gl //

O N
i ‘ ‘ T‘@

-10
0 10 15 20 o5
Superheat (SH)=T,-T;; [K]
60 -
c) Case lll o T It=20 °C
» /'X -a-T_|t=25 °C
Rao 17705 e ~ T_It=30°C
=40 || Typan= 32.69 °C /./ &
S /
g % 7 ///
[ « .
220 ®R) -
> — Vi P
3 &| 7 A
% 10 7 @ ///
4 ! Shl? ~
0
E> HE> ﬂﬂ
-10
0 2 4 10 12 14 16 18 20

6 8
Superheat (SH)=T,Ty [K]

Figure 2.28. Relative deviations in total heat transfer rate between the e-NTU and Fin2D-W
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2.7 Summary

A 2D numerical model (Fin2D-W) which accounts for the air-side performance of
minichannel evaporators was presented. The Fin2D-W model takes into account the
2D heat conduction in any wall element, partial dehumidification scenarios, tube-to-
tube heat conduction, and captures a detailed representation of air flow in both lon-
gitudinal and transverse directions.

After verification against an analytical solution, two comparative studies between
the classical e-NTU and Fin2D-W models were made under different dehumidifying
conditions.

The first study was implemented under the condition of similar temperatures for up-
per and lower tubes (without superheat). Under this condition, the widely used as-
sumption of adiabatic-fin-tip at half the height is exactly correct. The results showed
that in the regions of totally dry and wet fins, the e-NTU model predicts the total heat
transfer rate quite well, compared with the Fin2D-W model. The main source of
deviations between the two models is the assumption of uniform air temperature and
humidity ratio along the fin height. Moreover, the e-NTU model’s assumption of
constant saturation line slope within the whole evaporator segment could contribute
to these deviations.

In the region of partially wet fin, the deviations between the two models significantly
increase. The e-NTU model does not account for partial dehumidification scenarios,
consequently, it always mispredicts the actual dehumidifying condition of the fin,
compared with the presented model. However, these deviations do not affect the re-
sults so much, due to the high fin efficiency which resulted in a narrow range of the
partially wet fin region of a maximum of 0.5 °C.

The second study was performed when a temperature difference between the adja-
cent tubes, due to refrigerant superheat, existed. Under this case, the assumption of
adiabatic-fin-tip at half the height is not valid anymore.

The results revealed that this assumption, which is usually adopted by the e-NTU
method, prevents the heat conduction between tubes and results to a discontinuity in
the fin temperature profile. This, in turn, results in a large deviations in the average
fin temperature and corresponding saturated humidity ratio, compared with the
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Fin2D-W model. Subsequently, the e-NTU model fails to predict the actual fin con-
dition and the sensible and latent heat transfer rates, especially in the partially wet
fin region.

However, the main advantages of the e-NTU approach are the simplicity and calcu-
lation speed. It was about five times faster than the Fin2D-W model, for all the cases
studied. This makes the e-NTU method one of the most favorite approaches for mod-
eling the heat exchangers.

Accordingly, the next objective will be to develop a less complicated model com-
pared to the Fin2D-W model. This future model will capture the partial dehumidifi-
cation scenarios and tube-to-tube heat conduction as the Fin2D-W model does, but
with higher computational speed like the e-NTU approach.
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3.1 Introduction

According to the results of Chapter 2, the main objective of the current chapter is to
develop a simpler model, which will be referred to as FinlD-MB. The proposed
model is able to retain the most important phenomena as the Fin2D-W model but
with a much lower computational cost. To this end, a novel discretization scheme is
proposed. This scheme is based on the fundamental fin theory coupled with the mov-
ing boundaries technique for the air-side. After the verification of the Fin1D-MB
model, a comparison of the air-side results of the presented model with the Fin2D-
W model will be presented to check the degree of success in achieving this objective.

3.2 Description of the Fin1D-MB Model

As mentioned before, the present model is based on the Fin2D-W model. However,
some new features and techniques are considered in order to reduce computation
time and achieve reasonable accuracy. These modifications are summarized as fol-
lows:

e The studies of Asinari et al. (2004) and Martinez-Ballester et al. (2011) on
minichannel condensers revealed that the longitudinal heat conduction (LHC)
in the fin along the air flow direction had a negligible effect on the predicted
performance results. Moreover, several current fin surfaces have cuts in this
direction at which the effect of LHC can be neglected. In the present model,
this effect is canceled, which means no thermal connections between adjacent
fin cells along the air flow direction.

e The Fin2D-W model requires a detailed 2D discretization of the fin wall and
air flow, to obtain an accurate temperature and humidity ratio profiles. This is
the consequence of not applying the fin theory which, in turn, requires a long
computation time. To solve this issue in the current model, the fundamental
fin theory (Chapter 1, Equations 1.25 and 1.28) is adopted to obtain a one-
dimensional temperature profile in the direction between the tubes (along the
fin height). Accordingly, the fin is physically discretized only in the direction
of the air flow. Equations (1.25) and (1.28) are the general differential equa-
tions for the totally wet and dry fins, respectively. These equations have to be
coupled to get an expression which is capable of representing a continuous
temperature profile for the entire fin under any dehumidifying condition.
However, to identify the locations and sizes of the dry and wet portions within
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3.2.1

the fin surface, a further discretization along the fin height is required accord-
ing to the dehumidifying condition. It should be noted that Equations (1.25)
and (1.28) do not imply the classical adiabatic-fin-tip assumption (in the cross-
section at half the fin height) since boundary conditions have not yet been
applied.

The results of Martinez-Ballester et al. (2011), in addition to the results pre-
sented in Chapter 2, Section 2.6, revealed that the air temperature and humid-
ity ratio profiles are quite flat along the direction between the tubes, except
for the air close to the tubes, which has obvious temperature and humidity
ratio gradients. The portion of the fin which is occupied by the air close to the
tubes is small compared with the rest, approximately 1/30 of the fin height.
Nevertheless, Martinez-Ballester et al. (2013a) developed a Fin1Dx3 model
which takes into account this temperature gradient. Their model discretizes
the fin into three pieces along the fin height in addition to the discretization in
the air flow direction. The fin pieces near the tubes have the same height,
which is referred to as fin height ratio. This ratio is fixed and can be adjusted
according to the fin geometry and operating conditions. Nevertheless, this dis-
cretization scheme is incompatible with the proposed Fin1D-MB model. The
Fin2D-W results revealed that the misprediction of the correct fin condition
(totally dry, totally wet, or partially wet) predominates the heat transfer devi-
ations more than the assumption of uniform air temperature and humidity ratio
between tubes. Furthermore, Martinez-Ballester et al. (2013b) implemented a
comparative study between a detailed 2D gas cooler model and a simpler 1D
model. In their 1D model, as in the proposed model in this chapter, the fins
were discretized only in the air flow direction, and a uniform air temperature
profile was assumed along the fin. They found that the total deviation between
the 1D and 2D models only reached a maximum of 2%. Accordingly, in the
current work, the effect of non-mixed air between the tubes is neglected. Fur-
thermore, the discretization of the fin along the fin height is implemented ac-
cording to the dehumidifying condition of the fin, as mentioned in the previous
point.

Evaporator discretization

The evaporator tubes are discretized along the x-direction (refrigerant flow direction)
to Ns segments, as shown in Figure 3.1a. Each segment (Figure 3.1b) consists of: a
refrigerant flow that is split into N, channels in the z-direction (air flow direction);
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upper and lower flat tubes which are discretized into N, cells in the z-direction; air
flow and fins which are discretized into the same number of cells in the z-direction,
where Na,=Ns.. The discretization for an evaporator is summarized in the following
as agrid: {Ns, Nz, Ntz Naz}.

(a)

Evaporator segments: Ng

grid {N_, N, N

rz' 'tz

2,42 2

Na,z =

Moist Air (b)) One segment
N

Upper tube

Lower tube
|4'_ % / Nodes

Figure 3.1. (a) Discretization of evaporator tubes into segments. (b) Schematic representation
of a segment discretization into cells.

3.2.2  Governing equations

Each fluid cell (either refrigerant or air) has two nodes, which correspond to the inlet
and outlet sections in the fluid flow direction. The tube wall cells have only one node
located at the centroid of the cell, as shown in Figure 3.1b. It can be seen that the
fins do not have any nodes because a continuous function governs in this case. In the
current model, the assumption of uniform air properties along the fin height (y-di-
rection) is applied, In addition to the other assumptions that used for developing the
Fin2D-W model (Chapter 2, Sub-section 2.2.2).
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3.2.2.1 Tube wall analysis

The energy conservation equation within any tube wall cell t in contact with n, air
cells, n; refrigerant cells, and n; fin cells can be written as:

nl’
V(K- VTe )V + DU (T, =T JdA  +

= (3.1)

N, N N
zuwet,a,t (Ta,t _TC,t )dAayt + Z _dQcond,f |fin root 0
a=1 f=1

It should be noted that a linearization scheme is used in Equation (3.1) to relate the
saturated air humidity ratio to its corresponding surface tube wall temperature
(Elmahdy and Biggs, 1983), where Wsats=aatbat Ts.

Te is the temperature evaluated at the centroid of the tube wall cell t. Equation (3.1)
is very similar to Equation (2.5); however, the last term (Qcondyf) is introduced to eval-
uate the heat transfer by conduction between the tube wall cell and the fin root in
contact with it. Additionally,

is the overall heat transfer coefficient for
Ure =1/[(t/2-k) + (Y, | the refrigerant-side, where t; is the wall
thickness of the tube cell;
is the overall heat transfer coefficient for

U —1/[(t,/2-k
wet.a.t [(t/ t)+(]/awet'a'tﬂ the air-side under wet conditions;

et at = Zar (1+ Ba Doy ), is the total heat transfer coefficient for
213 ir-si itions;
By = hfg /Cp,ma Le the air-side under wet conditions;
is the slope of saturated humidity ratio
Dt = (Wa ~What s )/ (Tap =T ) line (Shargawy and Zubair, 2008); and
. T.+p5 [Wa —(Wsat’s’t —by ¢ Tsy )] is the modified temperature for moist
Tar = air
1+ ,Ba 'ba,t '

Ta, Wa, Tap, Cpma, @2 @re the moist air temperature, humidity ratio, dew point, specific
heat, and sensible heat transfer coefficient, respectively. Ts: and Wsa s are the tube
wall temperature and saturated humidity ratio evaluated at the surface, respectively.
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3.22.2  Finwall analysis

The physical discretization of the fin is 1D. However, to capture the actual fin con-
dition, it has to be virtually discretized into three portions (fpl, fp2, and fp3) in the
y-direction, as it can be seen in Figure 3.2a. Each portion has its independent local
coordinates and temperature function. The lower portion (fpl) and upper portion
(fp3) are always assumed to be fully wet, while the middle one (fp2) is always as-
sumed to be fully dry.

The area of each portion is specified depending on i and {2, which define the bound-
aries between wet and dry portions. These virtual boundaries are movable from one
fin cell to another depending on the fin tip and base temperatures, Trr and Trs, as well
as the dew point of surrounding air. This is the reason for the model’s name: “Fin1D”
because it applies a one-dimensional equation for each fin/air connection and “MB”
because it adopts the moving boundaries technique to identify the wet and dry por-
tions of the fin.

(a) : (b) 4Be[ngatan%
. Upper T |
o TiaVpa)  tube
Yipa[ Totr:IFIDS wet || <
= Air flow(T,, W) —~
k] |2
oYY | T Y I
: Tfpz (Yip2) T I_, X
&t Tot;IFI); wet ¢
g Tio1 Vip1) Lower
y l - tube

L) z
Figure 3.2. (a) y-z plane, which shows the virtual discretization of the fin in y-direction and

boundaries between wet and dry portions, {; and {z. (b) y-x plane, which shows the locations of Typ
and Tyr.
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Therefore, each fin cell has a composed governing equation (Equation 3.2) which
consists of three sub-functions that present a continuous temperature profile for the
entire fin under any dehumidifying condition.
M'Yfpl _

M- _
Onpr(Yipr) =Cie ™ +Coe v 0<yg <&

On 1 (V)1 O o2 (Vi) =Cae™ ™2 +Cye " /2 0<y <H; —(4+&)  (32)

M.y —-M.-y;
Oatp3(Vip3) =Cse "™ +Cge "™~y 0<ypa <)

where 6 is the temperature difference between surrounding air and fin temperature.
w is a parameter which includes the effect of moist air humidity ratio on the fin tem-
perature profile (Chapter 1, Equation 1.25). Hs is the total fin height. m and M are
the dry and wet fin parameters, respectively. They were defined in Chapter 1, Equa-
tions (1.16) and (1.25), respectively. The unknown constants from C; to Cs must be
evaluated from the boundary conditions (B.C.) of the heat transfer problem along the
fin height; i.e., the temperature field must be continuous and derivable. Therefore,
the boundary conditions required to evaluate these constants are:

Ha,fpl(Yfpl =0)= Ha, B=Ta—Tm
Ha,fpl(yfpl = 41) = 9a,fp2 (ypr =0)

d ga,fpl _ d 9a,fp2

B.C. 0 b 02 (33)
Oaip3(Yip3 =0)=0a 1 =Ta —Ter '
0 fp2 (yfp2 =H¢ —(&+ 52)) = 0a fo3 (Yip3 = &2)
962,152
dYspo

_ d 0a,fp3

d
Yipe=H 1 (¢1+¢2) Yps

Yfp3=C2

Equation (3.2) and its boundary conditions assume uniform air temperature and hu-
midity ratio along y-direction within the air cell in contact with the evaluated fin cell.
So, Taand W, represent the integrated mean values for air temperature and humidity
ratio within the cell, respectively. The locations of T and Tsr are illustrated in Fig-
ure 3.2b.

By applying the boundary conditions (Equation 3.3) into Equation (3.2), it is possible
to define the fin temperature T; as follows.
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_ T
Tfpl(Yfpl) =T — ea,fpl(yfpl) Ta
=5 B
Te(y)= Ttp2 (Yfpz) =Ty = Oap2 (Yfpz) = [A( Yip1: Yip2: Yip3 )] : T (3.4)
— fT
Tfp3 (yfp3) =Ty - ea,fps (yfp3) ; 7

where Tr1, T2, and Trez are the first, second and third fin portion temperature, re-
spectively. A(ym1,Yr2,Yms) IS @ 3x4 matrix that depends on the local coordinates, fin
geometry, m, M, {1, and .

Figure 3.3 shows an example of a temperature profile, which resulted from using
Equation (3.4), for a typical fin in minichannel evaporator under the partial dehu-
midification scenario. In this example, the values of T, Tgp, and ¥ are 27 °C, 17.2

°C, and -6.33 K, respectively. The fin base and tip temperatures are 17 °C and 17.1
°C, respectively; while the value of m-H; equals 0.5. This numerical example gives a
general idea how the Fin1D-MB model estimates the dehumidifying condition of the
fin and its composed temperature profile. It can be observed that the fin, under this
situation, comprises three portions. The first fin portion (fpl) is wet and occupies
approximately 20% of the total fin height, the second fin portion (fp2) is dry and
occupies approximately 70% of the total fin height, and the third fin portion (fp3) is
wet and occupies approximately 10% of the total fin height.

1.0

1

N T, (avg)= 27 °C
foa i~ C a
2o p3 Wy~ 16 Tqp (aVg)= 17.2 °C
S os w (avg)= -6.33 K
= o Tg=17°C
£o7 3 Tp=17.1°C
Los ~ m.H= 0.5
= JIN
w0 2 . - T_fp3(y)
0.4 <
2 s O —T_fp2())
203 = K
2 - - T_fpl(y)
@ 0.2 -
E A (NeD -7
A o1 AN &
00 ===
17.0 17.1 17.2 17.3 17.4 175
T [°C]

Figure 3.3. A numerical example of the estimated fin temperature profile in the
Fin1D-MB model.
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3.22.3  Moist air analysis

Equation (3.5) shows the heat rate balance within an air cell a in contact with a fin
cell f, which is discretized into three portions (fp=1—3), and n; tube cells (t=1—n).

N
My 'Cp,ma 'dTa = _dQsens,a,f - zaa,t (Ta _Ts,t )dAa,t (3.5)
t=1

where i, is the mass flow rate of air across the cell, and Aa: is the contact surface

area between the air and tube cells. Qsens.af i the sensible heat transferred to the ad-
jacent fin cell f, which can be expressed as:

3
dQsens,a, 1 = Z U fp  Oafp - d2dYg (3.6)
fp=1

The mass balance within any air cell is:

N
My - AW, = —dMytera, t — ZO‘D&‘,t (Wa _Wsat,s,t) dA ¢ (3.7)
t=1

Mwateraf IS the mass flow rate of condensed water to the adjacent fin cell f, which is
calculated as:

3
AMyater a, f = Z 2D, g, " Pafp 'dZdyfp (3.8)
fp=1
where
a is the mass transfer coefficient for air-side which based
0p = W on Chilton-Colburn analogy; and
p,ma

is the humidity ratio difference between the surround-
s 1p =Wa ~Weze 1o {Tro (¥p)} g air and saturated air evaluated at specific fin por-
tion temperature.

In Equation (3.7) the air cell can only exchange the mass with the tube cells and fin
portions whose temperatures are below the dew point of the air (dehumidification
process exists). If any of these is above or equal to the dew point of air, it is not
considered in the mass balance.
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3.2.24  Refrigerant analysis

The energy balance in each refrigerant cell r in contact with n; tube wall cells t=1—n;
is explained in Equation (3.9).

N
mr N dhr == _Zarlt (Tr _Ts,t )dAr’t (39)
t=1
where 1, is the mass flow rate of refrigerant across the cell, aris the sensible heat
transfer coefficient for refrigerant-side, and Ar; is the contact surface area between
the refrigerant and tube cells.

The boundary conditions, which were stated in Chapter 2, Sub-sub-section 2.2.2.2,
are also applicable to the Fin1D-MB model.

3.2.3 Numerical scheme

The finite volume method is applied to discretize the governing equations described
in the previous sub-section. However, it is necessary to assume temperature and hu-
midity ratio profiles for the fluids to obtain the estimation of the integral of the heat
and mass transfer between the fluids and the corresponding piece of wall (Equation
3.1) in the fluid flow direction. This integration must be consistent with the integra-
tion of the coincident terms in Equations (3.5), (3.7), and (3.9). The linear fluid tem-
perature variation (LFTV) scheme was employed for both fluids, as suggested by
Corberan et al. (2001) for this application. After discretizing the Laplacian term in
Equation (3.1) using the classical finite difference approach, besides applying the
LFTV scheme; Equation (3.1) can be now expressed as follows:

n, _
ﬂT 'TCI - Z ﬂ“t—k 'Tc,k = Zur,t (Tr _Tc,t)Pr,t 'Axr,t +

k=W,E,S,N r=1

. - . (3.10)
Zuwet,a,t (Ta,t _Tc,t ) Pa,t ’Aza,t + ZQcond,f ‘fin root
a=1 f=

where

* i * t
Tin TOUt T tm -|—T tou k k k
T S S & _kiAw _kiAe _kAs
r= v gt = s Aeew = v g = y Ag= ,
2 2 8w Sl g Sl s
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n=SAN angs= T 2

5It—N k=W,E,S,N

The direction reference used in the current model is shown in Figure 3.1b. All 1
terms refer to the conductance between a tube cell t and the adjacent tube cell in the
k direction. P and Pa; are the contact perimeters between the refrigerant and tube
cells, and air and tube cells, respectively.

The LFTV scheme is also applied in Equation (3.9) to evaluate the outgoing temper-
ature of a refrigerant cell r:

t=1 t=1

N
(1+ 05 NTUr,t]

t=1

. Nt Nt
7" [1—0.52 NTUMJ+ Z NTU, - Tsy
M = (3.11)

a .
where NTU, _ A

'r' p.r

Equation (3.11) is used for a one-phase flow, whereas for two-phase flow the outlet
temperature depends on the outlet pressure.

To obtain the outgoing temperature and humidity ratio of the air, Equations (3.5) and
(3.7) have to be solved. However, the integration of Equations (3.6) and (3.8) must
be done previously. The total sensible heat transferred to the fin cell can be expressed
as:

3 3 B
JdQsens,a,f ZJ- Z Aafp Oatp 'dZdyfp = Z %o Patp Oatp (3.12)
fp=1 fp=1

where 6, . is the integrated mean value of o, (yy, ) for each fin portion.

While, the total mass transferred to the fin surface is given by:

3 3
Idmwater,a,f = I Z D, 1, “Pa,fp 'dZdyfp = Z D, Asfp " Da fp (3.13)
fp=1 fp=1
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in out in out
where E’a,fp =Vva —af _ba,f (fa _éa,fp)v Vva =Wa _;Wﬁ ) -Fa =Ta ZTa
aaf and b,y are parameters which resulted from the linearization process of saturated
humidity ratio curve, where Weas (Y)=aaf+ barTr (y) as it was defined in Wu and
Bong (1994), and Shargawy and Zubair (2008). These parameters are evaluated be-
tween the average dew point of surrounding air and the minimum fin root tempera-
ture (either the fin base or tip), as shown in Figure 3.4.

0\0
S
\Zf}\
&

Air cell
Sat. condition “avg. condition | —
A ) Wa
Wsat,f(Y)zaa,f+ba,fo(JQ,’ _ =
Min. fin root .(/.. ........... ........................... > §§
temperature : : .
- H H §
T £

min[Tep, T7l Ty, T,

Figure 3.4. Linearization scheme of saturated humidity ratio curve used in the Fin1D-MB
model for wet fin analysis.

The novelty of the current model is the implementation of integration of the fin tem-
perature function. This integration takes into account the effect of different dehu-
midifying conditions on the fin temperature profile and heat conduction between
tubes through the fin. Instead of using the current approach, other evaporator models
in the literature assume adiabatic section at half the fin height. Subsequently, the
adiabatic-fin-tip efficiency, for totally dry or wet condition, is applied. However,
some models, which use the adiabatic-fin-tip efficiency, tried to apply more or less
artificial approaches in order to include heat conduction between tubes (Lee and
Domanski, 1997; Singh et al., 2008).
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Substituting Equations (3.12) and (3.13) into Equations (3.5) and (3.7), respectively.
Consequently, the sensible heat transfer rate from the air cell to the corresponding
fin cell and tubes is expressed as follows:

_ 3 _ T _
Ma - Cpma ATy = _f§ . Uatp Patp Gafp — El,aa,t (Ta —Tst ) Pat - AZay (3.14)
p= =

while the mass transfer rate is
3 ne _
m, - AW, = —Z OlDa’fp : Aa,fp "W fp — Z:O‘Da,t (Wa _Wsat,s,t ) Pa,t ‘Aza,t (3.15)
fp=1 t=1

Rearranging Equations (3.14) and (3.15), taking into account LFTV approach for the
air flow along the z-direction, gives.

_ : 3 _ T _
Z(Ta _Ta:n ) == Z NTUa,fp 'ga,fp - Z NTU, (Ta _Ts,t) (3.16)
fp=1 t=1
o . Oy *
where NTU,, ¢, =M and NTU,, :ﬂ
my ‘Cp,ma a " ~p,ma
N in 3 — L N
2(Wy ~WA" ) == NMTU, g5 - @a g — 2 NMTUq ¢ (Wy ~Wege ) (3.17)
fp=1 t=1
QAggn- Qo -
where NMTU, ¢, :a_fp—A“pm and NMTU, :j“—A“w
m, -Cp’ma -Le My Cpma Le

Equations (3.16) and (3.17) involve the term g, _which corresponds to 7a-Typ. The

average fin portion temperature 7%, can be obtained by integrating Equation (3.4).
This results in the following equation:
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)
_[ [A( Yep1s Yip2+ Yfp3 )]1,,' ~dYgp1
0
€1
_ Hi—(1+¢o) =
Tip1 f [A( Yo1: Yp2:1 Yep3 )]2 ; dYspo Ta
Ti =T =|— ' | (3.18)
o Hi —(&1+¢2) Ter '
Trps | ¢ 5 .
I [A( Yfp1: Yp2+ Yfp3 )Lj “0Yfp3
0 :
<2

Now, if Ttp1, Tz, and T3 are subtracted from 75 and rearranging the result, then g,

can be expressed as:

= = = T
ea,fpl a~ 'fpl Ta

) 2l = = B

Ot = 9a,fp2 =31a =12 = [B] T (3.19)
_ - = T
9a,fp3 af Ta _Tfp3 af 7

[B] is a 3x4 matrix that depends on the same parameters as [A(Yo1,Yio2,Yi3)] €xcept-
ing the spatial coordinates. A detailed description of its components is illustrated in
Chapter 6, Section 6.3. g, has an interesting characteristic like T (y), that it is ex-

pressed as a pseudo-linear function with respectto T,, T, T, and 7 . The advantage
of using pseudo-linear functions is that they make it possible to solve all the proposed
equations using a fast iterative method with good convergence.

Substituting Equation (3.19) into Equations (3.16) and (3.17) results in the average
air temperature and humidity ratio for each air cell as well as the outlet air tempera-
ture and humidity ratio.
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_ Nt
T, {2 +NTU, 51 °Byg + NTUq 1 - Boy + NTU, g5 -Bgy + D NTU,, } =
t=1

21" _[NTUa,fpl By + NTUg 0 -Bo o + NTUj 553 'B3,2]TfB - (3.20)
[NTUa,fpl ‘Bz + NTUg 50 By g + NTU, 553 'Bs,sJTrr -

Nt
[NTUa,fpl ‘Bya + NTUg 500 By s + NTU, 553 '33,4}/7 + > NTU,, Ty

=1

W, {2 +NMTU, 1 + 0+ NMTU, 3 + z NMTUa’t} =
t=1

W) + 2, ¢ [NMTU, g7 +0+ NMTU, 5 |-
[ba,f (NMTU, g1 (Byz ~1)+ 0+ NMTU, 13 (B3, —1))}?a - (3.21)

[0

by, (NMTU, g1 By 5 +0+NMTU, 5 -Bs5 )}TfB -
|:ba,f (NMTUa,fpl ‘B3 +0+NMTU, 553 -Bs3 )]TfT -
by, (

i
[0a,1 (NMTU, g1 By g + 0+ NMTUq o5 By g ) |7+ D NMTU, ¢ Wege
t=1

It can be noticed in Equation (3.21) that the terms corresponding to the mass transfer
between the second portion of the fin cell (fp2) and surrounding air are equal to zero.
This is because this portion is always assumed to be totally dry.

3.3 Solution Methodology

The general solution method is based on the semi-explicit method for wall-tempera-
ture linked equations (SEWTLE), proposed by Corberan et al. (2001), with some
differences due to the particular characteristics of the presented model in this chap-
ter.

The proposed system of equations consists of a system of non-linear equations. The
solution of such system of equations needs an iterative methods since the coefficients
and properties are complex and depend strongly on the temperature and humidity
ratio fields. Corberan et al. (2001) stated that it is not worth finding the exact solution
for such a system, then recalculating the coefficients and starting again until conver-
gence can be reached. To reduce the iteration time, they proposed a better strategy
by combining the iterative calculation of the solution with the continuous updating
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of the coefficients, in such a way that both calculations progress together toward the
solution of the nonlinear problem.

Figure 3.5 represents the solution methodology and procedures applied in the current
Fin1D-MB model.

Initialization process: guessing the
temperature and humidity ratio fields for
both fluids, and walls.

Fluids calculations: calculating the outlet
temperature for each fluid cell, besides the
outlet humidity ratio for moist air cells.

v
Tube wall calculations: calculating the
temperature and saturated humidity ratio
fields for the tube wall cells.

A 4

Fin wall calculations: determining the
dehumidifying condition (totally dry, totally
wet, or partially wet) and average
temperature for each fin cell.

No

max{|Residuall}sTolerance

Yes

/ Outputs /

Figure 3.5. Flowchart of the numerical solution for the Fin1 D-MB model.
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After the initialization process, the iterative procedure begins, which consists of three
main steps. The first step is to calculate the outlet temperature for all fluid cells using
Equation (3.11) for refrigerant flow, and Equation (3.20) for air flow. Then, Equation
(3.21) is used to calculate the outlet humidity ratio for air cells. In the first iteration
the dehumidifying conditions of the fins have not yet been evaluated, so that all the
fins are assumed to be totally dry (&1= (3=0). The second step is to calculate the tube
wall cells temperatures using Equation (3.10). It can be observed that this equation
considers the 2D heat conduction between the current tube cell and neighboring cells,
which results in a system of linear equations involving all the tube cells temperatures.
To solve this system of equations, the line-by-line iteration method (Patankar, 1980)
is adopted in the current model. This method converts the system of equations into a
tri-diagonal system of equations, which can be solved easily. However, if the 2D
heat conduction is neglected, the exact solution of Equation (3.10), in this situation,
consists of explicit calculations.

The third step of the iterative procedure is to evaluate the dehumidifying condition
of each fin cell (either to be totally dry, totally wet, or partially wet) then calculate
its average temperature. Firstly, the fin cell dehumidifying condition is evaluated
according to the fin cell root temperatures, average dew point temperature of the
surrounding air, and the predicted temperature profile of the fin.

After identifying the real fin cell condition, the following equations are applied to
calculate the exact length for each fin portion.

-1
mH
2(ea,f‘re - a,fB)
Hy

—Hdpe M +9dpem +

X

(3.22)

4mH ¢ —mH ¢

72 6mH mH =2 2
26" 72(20ayf39a,ﬁe ' +0dp720ayf8)e +e

2mH ¢

(49§,ﬁe 40, g0n e +§v(§,)e2me
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1
mH
2(Q’;l,ﬂ'e - a,fB)

X

= 3mH; -~ _mH¢
&=Hp - 1ol e e+ (3.23)
m
=2 6mH mH =2 2 4AmH —mH
26t —2(29a'f59avﬁe f +9dp—2eayﬂ3)e f oy |emmHs
2mH Hi =2\ 2mH
(403214“-8 mef *4Hany€a'ﬂ-em f +0d2p)e M

where, gvdp =T, _T’dp, 0 18 =T, T, and O 11 =T, -Tsr.

Finally, & and & are used in Equation (3.19) to determine the average fin cell tem-
perature. It can be noted that the calculation process of obtaining the fin wall tem-
perature field is explicit. The iterative process continues until the value of the resid-
ual converges to the required tolerance.

3.4 Numerical Verification of the Fin1D-MB Model

The same case study and assumptions which were introduced before in Chapter 2,
Section 2.4 have been also employed in the verification process for the FinlD-MB
model, and later in the comparative study between the FinlD-MB and Fin2D-W nu-
merical models.

The verification process consisted of two basic steps. The first step is the air-side
verification study (V1), in which the conductivity of the tube and fin was assumed
to be infinite, and the fin was discretized only in the direction of air flow (z-direc-
tion). The second one is the mesh independent verification study (V2), in which the
effect of fin/air discretization on the numerical solution was evaluated.

In the V1, the numerical solution was compared with the analytical one based on a
heat exchanger with zero heat capacity ratio (Bergman et al., 2011), where € = 1-exp
(-NTU).

Figure 3.6 illustrates the results of the first verification study V1. It can be noted that
the error in total heat transfer rate, for both cases totally wet and dry, rapidly dimin-
ishes after N=5. Where N represents the number of fin/air and tube cells in the z-
direction.
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Figure 3.6. V1 results of the Fin1 D-MB model. (a) For a totally wet fin. (b) For a totally dry fin.

The change of absolute residual in the total heat transfer rate with respect to N in the
second verification study (\V2) is depicted in Figure 3.7. It can be seen that the resid-
ual steadily tends to zero after N=10. These results are useful for identifying the
numerical grid which will be used in the next comparative study between the pro-
posed Fin1D-MB model and the Fin2D-W model.
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Figure 3.7. V2 results of the Fin1 D-MB model. (a) For a totally wet fin. (b) For a totally dry fin.

3.5 Comparison of the Heat Transfer Results between the Fin1D-MB
and Fin2D-W Models

In this study, the air-side heat transfer results from the present Fin1D-MB model are
compared with those obtained by the Fin2D-W model. The evaporator segment in
the case study was discretized into a grid of {3,1,10,10}, based on the previous ver-
ification studies. On the other hand, the Fin2D-W model adopted a grid of
{3,1,10,30,10}, as it was explained in Chapter 2, Section 2.6.
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To allow a reasonable comparison, the same assumptions and inlet air cases to the
evaporator (Case I, I, and I11), which were defined before in Chapter 2, Section 2.6,
are also applied in the current study. The lower tube temperature Ty is always as-
sumed to be constant while the upper tube temperature T is gradually increased
until reaching the inlet air temperature for each case. The difference between upper
tube and lower tube temperatures is defined as the superheat (SH). To demonstrate
representative values of SH, different sets of lower tube temperatures have been se-
lected for each case. This allows having similar differences between the lower tube
temperature and dew point of inlet air. The results of the two models are compared
below.

In Figures 3.8—3.10 (part a) the relative deviations in sensible heat transfer rate,
based on the Fin2D-W model results, for the three inlet air cases studied are plotted
against superheat values. It can be seen from these figures that the Fin1D-MB model
always overpredicts the sensible heat transfer rate in an almost constant trend, re-
gardless of the superheat value. The average values of the deviations in sensible heat
transfer rate for Cases I, 11, and 111 are 4.23%, 4.10%, and 4.12%, respectively. It can
be also observed that the deviations are almost independent of inlet air conditions.
The main source of these deviations is the assumption of uniform air temperature
between the tubes adopted by the FinlD-MB model. It is worth mentioning that
Martinez-Ballester et al. (2013b) reported similar deviations in the sensible heat
transfer rate in their comparative study of different numerical models for a CO; gas
cooler.

The relative deviations in latent heat transfer rate between the two models are shown
in Figures 3.8b, 3.9b, and 3.10b. The results are divided into three regions according
to the fin condition predicted by each model: the first region (R1) in which the fin is
assumed to be totally wet by the two models; the second region (R2) in which the
Fin1D-MB model assumes a partially wet fin condition, while the Fin2D-W model
still assumes a totally wet fin condition; the third region (R3) in which the both mod-
els assume a partially wet fin condition.

At the beginning of R1, SH=0~4K, the Fin1D-MB always overpredicts the amount
of latent heat transfer, and the deviations between the two models follow a steady
trend in the three cases studied. Unlike the Fin2D-W model, the Fin1D-MB model
assumes a uniform air humidity ratio along the fin height. This assumption contrib-
utes to the deviations in latent heat transfer rate in this region. With a further rise in
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superheat, the Fin1D-MB model tends to convert the fin condition from totally wet
to partially wet earlier than the Fin2D-W model.
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Figure 3.8. Relative deviations in (a) sensible and (b) latent heat transfer rates between the
Fin1D-MB and Fin2D-W models, for Case I.

Consequently, the latent heat transfer rate predicted by the Fin1lD-MB model starts
to drop, but it is still higher than the Fin2D-W model. However, as the lower tube
temperature continues to drop, the Fin1D-MB model begins to predict lower latent
heat transfer rate than the Fin2D-W model. This situation results in negative devia-
tions, for the most cases, at the end of R1, as shown in Figures 3.8—3.10 (part b).
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The values of the average relative deviation (ARD), based on the Fin2D-W model
results, in latent heat transfer rate for the three lower tube temperatures for Cases I,
I, and 111 are 2.52%, 2.30%, and 2.80%, respectively.
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Figure 3.9. Relative deviations in (a) sensible and (b) latent heat transfer rates between the
Fin1D-MB and Fin2D-W models, for Case II.

The R2 begins with the first anticipation of a partially wet fin by the Fin1D-MB
model, while, the Fin2D-W model is still treating the fin as a totally wet within this
region. Compared to the Fin2D-W model, this premature anticipation of a partially
wet condition could be interpreted as being due to the different schemes used by the
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models to discretize the fin wall and air flow. Nevertheless, this disagreement is neg-
ligible, since the average relative deviation (ARD) values in latent heat transfer for
the three lower tube temperatures for Cases I, I, and Ill are 0.41%, -1.44%, and
0.42%, respectively.
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Figure 3.10. Relative deviations in (a) sensible and (b) latent heat transfer rates between the
Fin1D-MB and Fin2D-W models, for Case III.

Nevertheless, the drop in the lower tube temperature could result in a lower predic-
tion of latent heat transfer rate in R2, for some specific conditions, compared to the
Fin2D-W model. This can be observed, for example, in Case | when Ty=2 °C.
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When the Fin2D-W model treats the fin as partially wet, the third region R3 comes
into action. Although both models have a similar capability to distinguish between
the wet and dry portions along the fin height, the deviations in latent heat transfer
rate in this region start to rise with higher superheat, as shown in Figures 3.8—3.10
(part b). To better identify the source of these deviations, Figure 3.11 presents the
fin temperature profile and mass flux of condensed water at half the fin depth, for a
specific point in R3. This point represents Case Il at the most extreme condition,
where Ty=12 °C and SH=15K.
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Figure 3.11. (a) Fin temperature profile and (b) mass flux of condensed water, at half the fin
depth, for a point in R3. This represents Case II, when Ti= 12 °C and SH=15 K.
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Figure 3.11 shows that the two models predict similar fin temperature profiles and
dehumidifying condition, where approximately 35% of the fin is wet while the rest
is dry. However, the main difference between the two models is that the Fin2D-W
model allows for the non-mixed air along fin height and humidity ratio gradients
near the tubes, unlike the Fin1D-MB model. The air cells near the bottom tube are
very close to the saturation condition at the tube surface temperature. So, the poten-
tial of mass transfer, the difference between the air humidity ratios, tends to zero
with approaching the lower tube surface. This subsequently results to that the Fin1D-
MB model clearly overpredicts the amount of condensed water within approximately
20% of the fin height near the bottom tube, as shown in Figure 3.11b. Generally, in
the R3, the ARD values in latent heat transfer rate for the three lower tube tempera-
tures for Cases I, I1, and 11l are 2.82%, 5.90%, and 7.75%, respectively.

Since these deviations are related to the fin portion near the lower tube, then it will
affect the latent heat transfer rate more as the wet region becomes smaller. This is
the reason why the deviations between the two models increase with superheat. An-
yhow, the effect of these deviations on the total heat transfer rate will become smaller
since the latent heat contribution decreases with the increase in superheat.

From the previous discussion, we can conclude that analyzing separately the contri-
bution of sensible and latent heat transfer may be misleading. Therefore, it is also
necessary to illustrate the relative deviations in total heat transfer rate between the
two models for the three inlet air cases studied, as shown in Figure 3.12.

As shown before in Figures 3.8—3.10 (part b), the maximum relative deviations in
latent heat transfer rate for Case I, 1I, and Il are 9%, 21.40%, and 26.80%, respec-
tively. However, it can be noted from Figure 3.12 that the relative deviations in total
heat transfer rate, for the same situations, dropped down to 6.20%, 7.40%, and 10%
for Cases I, 11, and 111, respectively.
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The deviations in the total heat transfer rate between the FinlD-MB and Fin2D-W
models are still relatively high. However, they are much lower, for the same cases
studied, compared to the deviations between the classical e-NTU approach and the
Fin2D-W model, which were approximately up to 52% (Chapter 2, Figure 2.28).
Also, it should be considered that the case studied comprises only two tubes. Addi-
tionally, in the current comparative study, the superheat is assumed to affect the en-
tire piece of the evaporator. However, in actual evaporators the superheat region oc-
cupies a small area compared to the evaporator’s total area. Moreover, extreme SH
values are considered in the current study, up to = 25 K. It is expected that these
deviations will significantly decrease in the case of evaluating a complete minichan-
nel evaporator.

3.6 Summary

The objective of the current chapter was to develop a simpler model (Fin1D-MB)
compared to the detailed comprehensive Fin2D-W model. The proposed model re-
tains the most important phenomena as the Fin2D-W model, but with a much lower
computational cost. The FinlD-MB model utilizes innovative discretization tech-
niques, which reduce the computation time and account for partial dehumidification
scenarios, with a reasonable solution accuracy.

Compared to the Fin2D-W model, the Fin1D-MB model saved up to 95% in com-
putation time. This advantage is derived from using the fin theory, which noticeably
reduces the complexity of the fin/air discretization scheme. Additionally, the pro-
posed model precisely predicts the dehumidifying condition of the fin, as a conse-
guence of adopting the technique of movable boundaries along the fin height. Nev-
ertheless, the air-side heat transfer results showed that the relative deviations be-
tween the two models should be taken into consideration, especially in the partially
wet fin region. The main source of these deviations could be the assumption of uni-
form air temperature and humidity ratio along the fin height adopted by the Fin1D-
MB model. These deviations are expected to decrease substantially while evaluating
a complete minichannel evaporator.

In order to assess the overall performance of minichannel evaporators under dehu-
midifying conditions, a detailed comparative study between the Fin1D-MB model,
experimental data, and other numerical models existed in the literature will be pre-
sented in the next chapter.
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4.1 Introduction

The previous numerical models, Fin2D-W and Fin1D-MB, were basically developed
to study the air-side performance of minichannel evaporators. However, to assess the
total performance of an evaporator, the air-side of the evaporator has to be connected
to the refrigerant-side. This integration process needs a reliable and comprehensive
simulation tool such as the IMST-ART®.

The IMST-ART® program has been developed by the Institute for Energy Engineer-
ing, Technical University of Valencia (UPV). This program is capable of simulating
any refrigerant circuit. Additionally, it can evaluate the performance of individual
refrigeration components, such as compressors, condensers, evaporators, etc.

The Fin1D-MB model has been selected to be integrated, over the Fin2D-W model,
because of its simplicity and calculation speed, besides, the reasonable solution ac-
curacy. After integrating the FinlD-MB model, it will be validated against experi-
mental data and numerical models existed in the literature for different types of re-
frigerants and operating conditions.

4.2 Discretization of MCHXs in the IMST-ART® Program

Figure 4.1 presents an example of a MCHX that can be simulated by the IMST-
ART® program. This program can simulate any refrigerant circuitry arrangement:
any number of refrigerant inlets and outlets; and any connection between different
tube outlets/inlets at any location. Figure 4.2a shows the discretization of an evapo-
rator to segments, where the dashed lines correspond to the thermal connections be-
tween wall cells, whereas the thicker blue lines correspond to the refrigerant flow
path.

WWWVWWWWWW | [

. PYWWWWYWWWWWWY

Figure 4.1. Example of a MCHX that can be simulated by the IMST-ART® program.
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First, the heat exchanger is discretized along the x-direction (refrigerant flow), re-
sulting into Ns segments per tube. Each segment (Figure 4.2b) consists of: a refrig-
erant flow that is divided into N, channels in the z-direction; a flat tube which is
discretized into N, cells in the z-direction; air flow and fins which are always dis-
cretized into the same number of cells in the z-direction, so that Na,=Ns,. Accord-
ingly, the discretization for a MCHX is summarized in the following as a grid: {N,
Nr,z, Nt,z, Na,z}-

a) Tube segments: N b) Aircells: N,
TR Jge
I
T Jeq | cellsiN, 4

" : : : N in cells:

Refrigerant
cells:N, ,

Figure 4.2. (a) Discretization of a MCHX to segments. (b) Schematic of a segment discretiza-
tion into cells.

In the case of minichannel evaporators, the moist air exchange sensible and/or latent
heat by convection with the tube and fin cells in contact. The fin cells, in turn, con-
duct the heat along the y-direction, and the bottom and top fin cells also conduct heat
to the neighboring tube wall. Then, the tube cells transfer the total heat to the refrig-
erant cells in contact by convection, and to their neighboring tube cells on the plane
x-z by conduction. The refrigerant flows in the channels along the x-direction without
any mixing between the channels.

Regarding the fluid cells, either air or refrigerant, there are two typologies: elemental
cell and mixture cell. The elemental cell corresponds to the one described above,
where the heat is exchanged with the surrounding tube and/or fin walls. The mixture
cell is assumed to be adiabatic, and its function is collecting the fluid from a number
of tubes and distributing it into the next tubes according to the heat exchanger cir-
cuitry. The inlet and outlet ports of each tube are connected to the corresponding
mixture cells. The distribution of these mixture fluid cells and the definition of the
tubes connected to them determine the flow path of each fluid. In the IMST-ART®
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program, any configuration can be fixed thus heat exchangers such as serpentine or
parallel tube MCHXs can be simulated with any refrigerant circuitry.

4.3 Refrigerant-side Heat Transfer Coefficient and Pressure Drop

For a typical evaporator in a refrigeration cycle, the refrigerant at the inlet is in the
two-phase region. After exchanging the heat with the high-temperature air, the re-
frigerant at the outlet becomes a gas with a degree of superheat. The heat transfer
and pressure drop characteristics of the refrigerant in single-phase and two-phase
regions are significantly different. Hence, different correlations are applied for each
in the current study.

4.3.1 Heat transfer correlations

In the present model, the single-phase heat transfer coefficient is calculated using the
correlation of Gnielinski (1976).

The two-phase flow boiling heat transfer (its coefficient is referred to as o) is a
very complex process in which numerous phenomena are superimposed. The satu-
rated liquid refrigerant generates vapor, which flows with much higher velocity than
the liquid phase. Flow boiling heat transfer normally considers two heat transfer
mechanisms to be important: nucleate boiling heat transfer (its coefficient is referred
to as arn) and convective boiling heat transfer (its coefficient is referred to as ar.c).
Nucleate flow boiling is similar to nucleate pool boiling except for any effect of the
bulk flow on the growth and departure of the bubbles and the bubbles induced con-
vection process. Convective boiling refers to convective process between the heated
wall and the liquid-phase. The effect of nucleate boiling depends strongly on the
surface roughness and the thickness of the liquid film while the contribution of con-
vective boiling depends strongly on the mass velocity.

In the literature, many correlations have tried to describe empirically the very com-
plex process of flow boiling by combining convective and nucleate boiling contri-
butions. Usually, these correlations are based on one of the following models:

¢ The enhancement model, which assumes that the local flow boiling heat trans-
fer coefficient is a function of an enhancement factor and liquid convective
boiling heat transfer coefficient. This type of model has been proposed by
Shah (1982).
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¢ The superposition model, which assumes that the local flow boiling heat trans-
fer coefficient is the sum of nucleate and convective boiling components. Such
a model has been developed by Chen (1963) and afterward modified by
Gungor and Winterton (1986).

e The asymptotic model, which assumes that the local flow boiling heat transfer
coefficient is a function of the relative dominance of nucleate boiling and con-
vective boiling. It can be expressed as,

%p :[(acb)” +(anb)”]ﬂn (4.1)

Steiner and Taborek (1992) proposed n=3 based on parametric tests on their
database for evaporation in vertical tubes.

Table 4.1 summarizes the two-phase heat transfer coefficient correlations which are
used in the validation of the current Fin1D-MB model.

4.3.2  Pressure drop correlations

The total refrigerant-side pressure drop along the x-direction consists of frictional,
acceleration, and gravitational pressure drop terms:

o B O - B )
ol I et - - 4.2
( dx r,tot dx r,fric dx r,acc dx r.,grav ( )

In the superheat region, the single-phase total pressure drop can be expressed as:

(@J :fﬁi + GZ[ 1 _1}
r :
ot 2 Dnops oo fric pgm o8

where f is the Darcy friction factor and & is the tube orientation in degrees.

+9p06 sinf\sp’gra\, (4.3)

sp,acc

However, in the two-phase region the total pressure drop for refrigerant-side can be
expressed as:

.2 1_ o 2
(&) () s L
dx tp, tot dx tp, fric dx PGP Pc (1_X) "

where x is the vapor quality. The void fraction ¢ is modeled as a separated-flow, adopting
Chisholm’s (1972) correlation for the slip ratio. The correlations which are employed
by the present model to evaluate the frictional pressure drop for refrigerant-side are
summarized in Table 4.2.

+9[ @6 +(1-9) o sing]

p,acc

(4.4)

tp,grav
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Table 4.1. Two-phase heat transfer coefficient correlations

Reference Correlation Applicability range
Bennettand Chen o, , = o gy + ¢y, Where pr= 1-34.8 bar.
(1980) £=0.01-0.71.

Cooper (1984)
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L L 0.24 0.75
Xrnb = 0.00122 m |:Ts,t _Tr,sat ( pr)] [pr,sat (Ts,t )_ pr] S, and
o u " hy PG

0.296
r b =ar,L'F(Xtt)'PrL .

(1-X)G, -Dy

a; =0.023-Re{8.prl* [ij where Re| =
D e

h
3 1_exp[_F(Xtt)ar,L : Xo/kL:|
F(Xw)ar,L - Xo /K
1.0, for Xy 210

F(X ) _ 0.736
¢ 2.35[0.213+1] , for X, <10.
tt

.\0.875 0.5 0.125
X, z[ﬂj [pej {/JLJ |
X pL He

Q(PL ~— P

012 055
Qrip =Crnb = SS[MJ li—0.4343|n(MJ:| MmoI70'5 -q

pr,crit pr,crit

05
, where X, = 0.041[6)] .

0.67
r

qr= 6.2-2400 kW/m?2,
Liquid inlet velocity
range= 0.06-4.5 m/s.
Fluids: water, methanol,
cyclohexane, pentane,
heptane, and benzene
(594 data points).
Vertical upward and
downward flow in tubes
and annuli.

Pr.sat/Pr.crit= 0.001-0.9.
Mmol= 2-200 g/mol.
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Hwang (1997)

Kandlikar and
Balasubramanian
(2004)

Oy tp = pnb + A e where
EA79C0.5 8.49 04 075
P . .
Ay np = 0.00122 WM [Ts,t 7Tr.sat ( Pr )] [pr,sat (Ts,t )7 P r] S, and
oML fg PG

Oy ch =L F(Xtt)’Prl(_lG-
(1_X)Gr - Dy,

@, =0.023-Red8.pr)4 (k—L] where Re, =
D .

h
_ 1_exp|:_F(Xtt)ar,L : Xo/kL:I
F(xtt)ar,L : ><o/kL
1.0, for Xyt 210

F(Xy) = 0.736
" 2.0(0.213+i] , for X, <10.
Xtt

0875 05 0.125
xn:(l;Xj (&3] [&j ,
X oL He

O 1p = Max (@ . tr o ) (1-X)*° Lo, Where

05
o
, where X, =0.05| ——— | .
° [Q(PL*PG)J

oty pp = 0.6683-Co ™02 - Fr,  +1058-Bo®’ - Fy, and @ o, =1.136-Co *° -Fr o +667.2-Bo®7 -Fy.

1-5%%( pg \*° G? q
Co= (—] [p—GJ , Frio = ——,Bo=—"—, and Fy =1~ 3.3 (based on refrigerant).
X PL 9-Dn-pL Grhyg
a0 = Reio Pri (fio /2)(ki /Dn) for 10* <Re o = GrDh £ 5,108; and
r = 3 = = = 3
14127 (Pr 1) (0 12)*° ML

~ (Re o—1000)Pr, (f o /2)(k/Dy)

3 4
Qo= , for 3x10° < Re| 5 <107,
' 1+12.7(Pr. 2R -1) (o 12)°°

where f o =[1.58In (Re o )—-3.28] ~.
For 1600 <Re <3000, ¢, o is calculated by interpolation between Re, 5 =1600 and 3000.

Qr 1o D

For Re| o< 1600, ;| ¢ is calculated from Nu, = " — constant.

L

For Re o < 100, &y g = &y np (1~ %)% atp. -

It is similar to (Bennett &
Chen, 1980); however,
some minor modifications
have been done to ac-
count for the CO2 flow
boiling.

Dn=0.19-32.0 mm.
Gr= 13-8179 kg/m?-s.
qur= 0.3-2280 kW/m?.
pr= 0.4-64 bar.

Fluids: water, R11, R12,
R22, R113, R114, R152a,
nitrogen, and neon. Based
on 5246 data points.
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Wojtan et al.
(2005)

Oary@tr, G + (277 —Ogry )ty Pr.sat/pr.erit= 0.009-0.225.

3 3 1/3
» Where o | = (“r,nb Jrar,cb) » and

Prp = . Gr= 16.3-500 kg/m?:s.
D, "° ¢=0.01-1.0.
tr = o.oz{ﬂ} pre04 Ko = i
P 1 Dy, qr= 0.44-71.600 KW/m?.
S b 1% s o Dn=10.9-16 mm.
p o =55 Dron —0.43431In Dot Mumot - 0r ", and Fluids: R134a, R123,
7069 R502, R402A, R404A,
@, o =0.0133 4G (1-x)o pr, 04 ke R407C, and ammonia.
' (1-@)u 9

025171

X A X 1-x) 118(1-%)[goy (oL - pc)]
¢’—p(3{[1—0.12(1—x)](pe+pl_J+ o0

0, in slug, annular, and intermittent zones

. G (X)-G 0.61
Ostrat [X}liewawr)} X < Xa, in slug-stratidfied-wavy zone

0 Xia Waw(x)'Gstrat(X
dry ~ . 061
0 Gwavy (X) -G r . .
Strat | = o~ oy , in stratified-wavy zone
Guavy (X) - Gitrar (X)
Ostrat » in stratified zone
3z 1/3 3 v
ﬂ(l—(p)+(7j [1-201-0)+(1-0)"* ~0*]-
Ostrar =277 -2

%(1—(p)(p[l—2(l—(p)][l+ 4((1—(p)2 +? )}

¢ is the liquid film thickness, and X, is the vapor quality at transition from intermittent to annular flow.
Guavy (X), and Gy (%) are the wavy and stratified flow transition mass velocities, respectively.
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Table 4.2. Two-phase frictional pressure drop correlations.

Reference

Correlation Applicability range

Muller-Steinhagen
and Heck (1986)

Mishima and Hibiki
(1996)

x=0—1.
Fluids: air-oil, air-water, water-
steam, argon-water, nitrogen,
R11, R12, R22, and air-kerosene
_(&) _fio G} {0.3164 Re 3%, for Re o >1187 (9300 measurements).

LO

Apj A\L/3 3
- =I(1-x)"+p-x
[AX tp,fric

I'=a +2(ﬂ—a)X
= — wheref 5=
AX 2 DypL 0 164/Re, g , for Re o <1187

f 2 . -0.25 S
5 :( ﬁj _feo GFhere fog = 0.3164Re%?®, for Regg 1187
AxJeo 2 Dy-ps 64/Rego , for Reg <1187

ﬂ _ ﬁ D2 Dh=1—4 mm.
AX Jip tric AX ) - Fluids: air-water mixture.

<I>E=1+£+i2
X
tt tt

C= 21[1—exp(—0.319- Dy )}

<=2 /02,

(ﬂ]  fio GZ(1-%) where . . — | 0-3164Re( 37 for Re| o > 2000
AX), 2 Dy | 0" |64/Re o , for Re_ o <2000
Ap foo GZ-X? 0.3164Reg? , for Regp > 2000
— | =—Z2=———,wherefgg =
AX G 2 Dh 'pG 64/ReGO y fOI’ ReGO <2000
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Tran, et al. (2000)

Lee and Mudawar
(2005)

(

Ap
AX

Jore(50)
tp,fric AX LO

(1)2

LO

®o =1+ (4302 —1)[NConf XO875 (1 x)0875 ).(1.75}

(/5

N conf

()"

(
(

Ap
AX

p
A

)

}

_ [0'/9 (pL—Pc )]O'S

Dh
_fio where f, o = 0.3164Re[ 3%, for Re| o > 2000
2 Dh oL 64/Re ¢, for Re o <2000
j _ feo where fog = 0.3164Recy?® , for Regg > 2000
2 Dh pG 64/ReGo,for Regp <2000
(2]
tp,fric Ax L
CI)E _1+£+i
t o Xg
2.16Rel3* . we?$, for laminar liquid-laminar gas flow D, -G?
, Where We o =
1.45 Re(ﬂés WeO 23, for laminar liquid-turbulent gas flow’ o pL

Xﬁ{(%l/ (%,

(
(

Ap
AX

Ap
AX

)
)

2 Dy-p

_ foo GF-5%
2 Dypg

71‘,_7063(1—5(

|

0.184Re;?, for Re o > 20x10°

2
) , where f, o =10.3164Re[ 3%, for 2000 < Re, o < 20x10°
56.92/Re, o, for Re 5 <2000

0.184Rez%?, for Regg > 20x10°

, where fgq =10.3164Rec%? , for 2000 < Regq < 20x10°
56.92/Regq , for Regg <2000

pr=138—856 kPa.
Dh= 1.3—3 mm.
Fluids: R134a, R12, and R113.

Dn=0.35 mm.
pr=1.44-6.60 bar.
Gr= 127-654 kg/m?-s
x=0.001-1.
gr=31.6-93.8 W/cm?.
Fluids: R134a.
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4.4 Air-side Heat Transfer Coefficient and Pressure Drop

For the air-side heat transfer coefficient and pressure drop of MCHXs, several cor-
relations have been proposed by many authors in various studies. For most of these
studies, the air-side heat transfer coefficient is mainly described by Chilton and Col-
burn j-factor, which takes this general form j=Nu/Re-Pr'?,

The total air-side pressure drop along the z-direction consists of frictional, accelera-
tion, contraction, and expansion pressure drop terms according to the following ex-
pression:

7 O B B 3 N
dz a,tot dz a,fric dz a,acc dz a,cont dz a,exp .

The frictional and acceleration terms are calculated similarly to Equation (4.3). The
pressure drop terms due to the sudden contraction and expansion in the heat ex-
changer are obtained following Kays and London (1984).

Kim and Bullard (2002a) and (2002b) compared their air-side heat transfer and fric-
tion factor correlations with test data from several other MCHX geometries. They
reported that their correlations predicted the data well, especially for heat exchangers
having greater flow depth. This makes Kim’s correlations widely accepted by many
authors in the literature. Therefore, they are adopted in the current model.

For dry surfaces, Kim and Bullard (2002a) developed the j, and fa correlations for
Re,=100-600 and F,/Ly<1 with root-mean-square (RMS) errors of +14.5 and £7%,
respectively:

-0.13 -0.29 —-0.235
. —0.487( Ly 0257 Fo H¢ Dy
=R ) L) ) )
p p p
0.68 ~0.279 ~0.05
(i} (&J (t_fJ
Lp Lp Lp
and

0.444 -1.682 -1.22 0.818 1.97
f.= Re70.781 La Fp H f Df L| (4 7)
a— L — .
P 90 Ly Ly Ly Ly
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For a louvered fin, Fp, Hs, Dy, and t; are the fin pitch, height, depth, and thickness,
respectively. While, L,, Ly, and L, are the louver angle, pitch, and length, respec-
tively.

For wet surfaces, Kim and Bullard (2002b) developed the j. and f, correlations for
Re,=80-300 and Fy/Ly<1 with RMS errors of £16.9 and £13.6%, respectively:

0.25 -0.171 -0.29 -0.248
.o o512 Ly Fp Hy Dy
LI ) A el E el vl
P p p
0.68 -0.275 —0.05
LP Lp Lp

0.395 —-2.635 -1.22 0.823 1.97
fa=ReL, ™ 50 N — — = (4.9)
p 90 Ly Ly L, L,

4.5 Validation of the Complete Fin1D-MB Model

(4.8)

and

The validation of the complete Fin1D-MB model was conducted for evaporators op-
erating with R134a and CO; (R744) with different geometries and under different
operating conditions. The numerical grid size chosen was the one that gave a good
balance between accuracy and computational cost. According to the definition given
in Section 4.2, the discretization grid employed for all the predicted results was:
{5,3,3,3}. Different combinations of refrigerant-side frictional pressure drop (FPD)
and heat transfer coefficient (HTC) correlations (Tables 4.1 and 4.2) were applied to
find the most suitable one that gives the best results regarding the heat transfer rates
and pressure drop values. The results of the FinlD-MB model validation are dis-
cussed in details in the next sub-sections.

4.5.1 Validation of minichannel evaporators operating with R134a

The current model was firstly validated against an experimental campaign which was
implemented by the Thermal and Fluids Engineering Department, Technical Uni-
versity of Cartagena (UPCT). Secondly, it was validated against the numerical model
of Yun et al. (2007). Yun’s model was basically developed for CO, evaporators;
however, the model verification was conducted using R134a as working fluid. Each
study is presented in details, respectively.
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Experimental Validation of the Fin1D-MB Model

The experimental campaign of the UPCT was carried out in a reversible air-to-re-
frigerant heat pump test facility, as shown in Figure 4.3, which mainly consists of
three circuits: air, water, and refrigerant loops. The heat pump operates with R134a
and it is equipped with: a multi-speed hermetic reciprocating compressor with a dis-
placement of 34.38 cm?®, a brazed plate condenser (water-to-refrigerant), and an elec-
tronic valve as the expansion device. The tested evaporator is a single slap minichan-
nel heat exchanger, which was provided by Modine Co. It is 340 mm high, 483 mm
wide, and 21.1 mm deep. It comprises 33 multiport flat tubes, which are arranged in
four paths (8-6-7-12). Regarding the refrigerant-side, the tube is characterized by
eight triangular ports with a hydraulic diameter equal to 0.78 mm. The fins are lou-
vered type with a density equal to 14 fin/inch.

— - — — Air circuit Symbols
rrrrrrrrrrrrrr Water circuit O compressor
Refrigerant circuit Chiller
(S Heater
7777777777 I% Evaporator
Qﬂ Pitot tube

MK Expansion device
ofa 4-way valve
Coriolis flowmeter

Water-cooled
condenser

@:DE Air handling unit

@ Pressure measurement

@ Temperature measurement

@ Humidity measurement

@ Differential pressure
measurment

Figure 4.3. Schematic diagram of the test facility for the R134a air-to-refrigerant heat pump.

Table 4.3 shows the operating conditions which were specified as input data for the
tested evaporator. The uncertainties for pressure, temperature, mass flow rate, com-
pressor power, and compressor speed measurements were about £0.15%, 0.3 °C,
+0.1%, +0.5%, and £0.1 Hz, respectively. The energy balance between the air-side
and refrigerant-side was within £5%. The Inlet parameters to the model were refrig-
erant superheat, inlet quality, inlet air temperature and relative humidity, and inlet
mass flow rate of refrigerant and air. Whereas, the inlet refrigerant temperature, re-
frigerant-side pressure drop, outlet air temperature, and refrigerant-side cooling ca-
pacity were the selected parameters to validate the proposed model. Figures 4.4—4.7
compare simulation results with the experimental data.
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Table 4.3. Operating conditions for the UPCT’s R134a evaporator.

Air Refrigerant

Inlet dry-bulb temperature [°C] 7 Inlet mass flow rate [kg/h]  32.4—38
Inlet relative humidity [%] 73—89 Inlet vapor quality [-] 0.22—0.24
Inlet flow rate [m3/h] 890—1890 Outlet superheat [K] 7.9—12.6

For nomenclature representation, the combination of refrigerant-side correlations is
illustrated as, the abbreviation of FPD correlation + the abbreviation of HTC corre-
lation. Table 4.4 lists the abbreviations of the refrigerant-side correlations that have
been previously introduced in Tables 4.1 and 4.2.

Table 4.4. Abbreviations of the refrigerant-side FPD and HTC correlations used in the

validation.

Refrigerant-side FPD correlations Refrigerant-side HTC correlations
Reference Abbreviation Reference Abbreviation
I(\ilgilglg)r-Steinhagen and Heck oy Bennett and Chen (1980) BC
Mishima and Hibiki (1996) MH Cooper (1984) (6{0)

Tran et al. (2000) TWF Hwang (1997) HW

Kandlikar and
Balasubramanian (2004)
Wojtan et al. (2005) WUT

Lee and Mudawar (2005) LM

Figure 4.4 compares the calculated inlet refrigerant temperatures T, with the meas-
ured ones for different refrigerant-side FPD and HTC correlations. It can be observed
that the best three combinations of correlations which give the best prediction of Ty
are: LM+CO, MH+KB, and MH+WUT, respectively. Table 4.5 summarizes the
mean absolute error (MAE) and standard deviation (SD) values for the predicted
inlet refrigerant temperature.

It is worth mentioning that Mahmoud and Karayiannis (2013) reported a similar re-
sult for the Cooper correlation. They presented a detailed comparison of the flow
boiling heat transfer coefficient for R134a in stainless steel micro tubes with 21
macro and microscale correlations and models. The experimental database that was
used in the comparison included the data for 1.1 and 0.52 mm diameter tubes, mass
flux range of 100-500 kg/m?-s, and system pressure range of 6-10 bar. Their results
reveled that Cooper’s correlation predicted 63.7% of all data (5152 data points)
within £30% error bands with a MAE value of 35%. This is much better than the
assessed macro and microscale correlations, despite it was originally developed for
pool boiling applications.
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Figure 4.4. Comparison of the inlet refrigerant temperature Tr,in between the
calculated and measured values of the UPCT’s R134a evaporator.
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Table 4.5. MAE and SD values of the calculated T:, (UPCT’s R134a evaporator).

Refrigerant-side

EPD correlation MH M MSH
Refrigerant-side MAE and SD for Tr,in [£°C]

HTC correlation MAE SD MAE SD MAE SD
KB 0.24 0.25 0.75 0.3 1.62 0.28
CcO 0.81 0.31 0.24 0.18 0.72 0.35
wuUT 0.34 0.27 0.75 0.29 1.64 0.27
BC 0.42 0.29 0.83 0.3 1.67 0.15

The calculated refrigerant-side pressure drop Apr against the measured data are de-
picted in Figure 4.5, for different HTC and FPD correlations. It can be seen that the
combinations of MH+KB, MH+CO, and LM+CO give the most appropriate predic-
tion results for the Apy, respectively. The values of MAE and SD of the calculated
Aprare shown in Table 4.6.

Finally, it can be concluded that the best combination of refrigerant-side FPD and
HTC correlations, regarding the refrigerant pressure drop and inlet temperature re-
sults, is MH+KB. The combination of LM+CO and MH+WUT also predict the data
quite well. However, the correlations of CO and WUT were originally developed for
pool boiling and macroscale applications, respectively.

Table 4.6. MAE and SD values for the calculated Ap: (UPCT’s R134a evaporator).

Refrigerant-side

FPD correlation MH IM MSH
Refrigerant-side MAE and SD for Apr [+%]

HTC correlation MAE SD MAE SD MAE SD
KB 9.12 7.18 21.08 6.53 42.68 6.93
Co 9.98 3.73 10.02 5.40 36.70 7.11
WUT 11.06 7.97 21.31 6.06 43.57 6.50
BC 13.02 8.83 23.03 6.48 46.33 4.88
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Figure 4.5. Comparison of the refrigerant-side pressure drop Ap: between the calculated
and measured values of the UPCT’s R134a evaporator.

Figures 4.6 and 4.7 compare the predicted outlet air temperature Taou and refriger-
ant-side cooling capacity Q:with the experimental measurements, respectively. For
the air-side HTC and FPD calculations, Kim’s correlations (Equations 4.6—4.9) were
used; while, for the refrigerant-side, the combination of MH+KB correlations was
applied.

The good prediction of inlet refrigerant temperature, with a MAE of +0.24 °C, and
outlet air temperature, with a MAE of +0.43 °C, has a positive impact on the pre-
dicted cooling capacity as shown in Figure 4.7. It can be clearly noted that the pre-
dicted values of cooling capacity are within £5% error bands.

149



Chapter 4.

0 Air-side HTC and FPD correlations: Kim and Bullard
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Figure 4.6. Comparison of the outlet air temperature Ta,out between the calcu-
lated and measured values of the UPCT’s R134a evaporator.
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Figure 4.7. Comparison of the refrigerant-side cooling capacity Q: between the calcu-
lated and measured values of the UPCT’s R134a evaporator.
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The present Fin1D-MB model was also validated against the minichannel evaporator
model of Yun et al. (2007). They verified their model with R134a minichannel evap-
orator under various test conditions. The specifications of the evaporator used in
their study are shown in Table 4.7. The shape of inside holes of the minichannel is
rectangular, and its hydraulic diameter is 1.53 mm.

Table 4.7. Specifications of the R134a minichannel evaporator (Yun et al., 2007).

Items Specification
Heat exchanger length [mm] 657.0
Heat exchanger height [mm] 65.8
Tube number 7
Tube depth [mm] 18.0
Tube pitch [mm] 8.7
Tube thickness [mm] 1.7
Port number 7

Fin height [mm] 7.3
Fin depth [mm] 18.0
Fin pitch [mm] 14
Fin thickness [mm] 0.16

Figure 4.8 shows the predicted and measured heat transfer rates with the change in
air flow rate. The inlet air dry and wet-bulb temperatures were 20 and 14 °C, respec-
tively; while, the inlet refrigerant flow rate and quality were 60 kg/h and 0.05, re-
spectively. It can be observed that the Fin1lD-MB model shows a good correlation
with the Yun’s model and experimental data. The combinations of MH+WUT and
MH+BC correlations predict the total heat transfer rate with MAE values, based on
Yun’s experimental data, of +£1.2% and +2.6%, respectively. On the other hand,
Yun’s model demonstrates a MAE of £5.8% in total heat transfer rate compared to
the experimental data.
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Figure 4.8. Total and latent heat transfer rates vs. inlet air flow rate, for the Fin1D-MB model
and the model of Yun et al. (2007).

4.5.2  Validation of a minichannel evaporator operating with CO,

In the current study, the minichannel evaporator utilized by Beaver et al. (1999) in
an air-conditioning system based on the transcritical CO> cycle was simulated by
using the current FinlD-MB model. The target heat exchanger consists of one slab
of 41 tubes, which are arranged in one pass. The details of minichannel tube used
and general specifications of the tested R744 evaporator are shown in Figure 4.9 and
Table 4.8, respectively.

= 0430 ~| [ 0790 0,700
0,430 !
i feooobliocodhor 1650
! f
- 8,255 —
16,510

Figure 4.9. Cross-section of minichannel tube used in the R744 evaporator (Bea-
ver et al., 1999).
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The test conditions for the R744 evaporator were as follows:

o Inlet air temperature: 26.5 °C

o Inlet air humidity ratio: 14—55%

e Air flow rate: 2000—2450 m*/h

o Inlet refrigerant pressure: 4100—5000 kPa
e Inlet quality: 0.16—0.4

e Refrigerant mass flow rate: 127—170 kg/h

This range of conditions allows simulating the evaporator under different dry and
wet conditions. The inlet refrigerant pressure, inlet vapor quality, inlet air tempera-
ture and relative humidity, and inlet mass flow rates for air and refrigerant have been
selected, in the current study, as the inputs of the Fin1D-MB model. On the other
hand, the air-side cooling capacity, refrigerant-side pressure drop, and outlet air tem-
perature are the outputs which have been selected to validate the model.

Table 4.8. Specifications of the R744 minichannel evaporator (Beaver et al., 1999)

Items Specification
Finned length [mm] 820.0
Finned width [mm] 440.0
Tube number 41
Tube depth [mm] 16.51
Tube thickness [mm] 1.65
Port number 11
Fin height [mm] 8.9
Fin depth [mm] 16.5
Fin density [fpi] 17
Fin thickness [mm] 0.1

In this study, the correlation of Tran et al. (2000) (TWF) was utilized to predict the
CO; frictional pressure drop. However, to predict a proper value of refrigerant-side
HTC, different correlations (Table 4.1) were applied. The air-side HTC and FPD
were estimated using Equations (4.6)—(4.9). Figure 4.10 shows the calculated air-
side cooling capacity Q. values versus the measured ones for different refrigerant-
side HTC correlations.
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Refrigerant-side FPD correlation: TWF
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Figure 4.10. Predicted vs. measured air-side cooling capacity, Q., of Beaver et al.
(1999).

The results in Figure 4.10 show that the combination of TWF+KB correlations suc-
cessfully estimates the cooling capacity within £10% error bands, with MAE and SD
values of +4.3% and £3%, respectively.

According to the previous results, the ratio of predicted to measured refrigerant-side
pressure drop versus the refrigerant mass flow rate are illustrated in Figure 4.11 for
the combination of TWF+KB correlations. Generally, the proposed model underpre-
dicts the refrigerant-side pressure drop compared to the experimental data. However,
the maximum deviation between the predicted and measured values is 11 kPa.

Finally, Figure 4.12 compares the calculated outlet air temperature values with the
measured values. It can be seen that approximately 60% of the predicted data are
within +1.0 °C error bands with MAE and SD values of £0.9 and +0.6 °C, respec-
tively.
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4.6 Summary

The Fin1D-MB model was integrated into the IMST-ART® program to evaluate the
overall performance of minichannel evaporators under dehumidification. The
Fin1D-MB model has been chosen because of its simplicity and calculation speed
compared with the Fin2D-W model.

The widely used correlations of Kim and Bullard (2002a) and (2002b) were adopted
in the current model to estimate the air-side heat transfer coefficient and pressure
drop for dry and wet conditions. Different combinations between the refrigerant-side
frictional pressure drop and heat transfer coefficient correlations were tested, in order
to find the best combination regarding the heat transfer and pressure drop results.

The validation of the proposed model was implemented for different MCHX geom-
etries, refrigerants, and operating conditions. For the R134a evaporators studied, the
Fin1D-MB model predicted the cooling capacity and refrigerant-side pressure drop
within £5% and £20% error bands, respectively. For the CO, (R744) evaporator stud-
ied, the presented model estimated the cooling capacity within +10% error bands
while the maximum deviation in refrigerant pressure drop was 11 kPa.
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«
(I;len, to Allah (God) belongs praise, Lord of the heavens and Lord of
the earth, Lord of all Being”

-The Holy Quran (45:36)
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5.1 Conclusions

In the first part of the presented thesis, two numerical models accounting for the air-
side performance of minichannel evaporators under dehumidification were devel-
oped and verified. They are considered to be fundamental numerical approaches and
preliminary steps to evaluate the impact of different classical assumptions on the
modeling of minichannel evaporators. This allows developing a complete numerical
model which only considers the most influential assumptions and heat and mass
transfer phenomena.

The first model, which is referred to as Fin2D-W, discretizes the evaporator walls
and fluids into cells, for which energy and mass balances are applied. The Fin2D-W
model takes into account the two-dimensional heat conduction in any wall element,
different dehumidifying scenarios for fin and tube, and detailed representation of air
properties in longitudinal and transverse directions. A comparative study was imple-
mented between the Fin2D-W model and classical e-NTU approach. This study was
made under different dehumidifying conditions, without and with the presence of
temperature difference between the adjacent tubes. The main conclusions of this
study are summarized next.

a) Without a temperature difference between the tubes (no superheat):

e For the totally dry fin, the e-NTU approach overestimated the sensible heat
transfer rate by approximately 4%, relative to the Fin2D-W results. The main
source of this deviation could be the assumption of uniform air temperature
between tubes.

o For the partially wet fin, the e-NTU approach always fails to predict the actual
fin status because it does not account for partially wet scenarios. This resulted
in significant deviations, especially in latent heat transfer, between the two
approaches.

e The high fin efficiency, even under the wet condition, resulted in a narrow
range of the partially wet fin of a maximum of 0.5 K. However, a further in-
crease is anticipated in the partially wet fin range in the presence of tempera-
ture difference between the neighboring tubes.

e For the totally wet fin, the e-NTU approach generally overpredicts the sensi-
ble, latent, and total heat transfer rates for all inlet air cases studied. The aver-
age relative deviations in sensible, latent, and total heat transfer were 3.45%,
22.91%, and 4.11%, respectively. The main source of divergence between the
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two approaches is the assumption of constant air temperature and humidity
ratio between tubes.

e The e-NTU approach was five times faster than the Fin2D-W model, for all
the cases studied.

b) With a temperature difference between the tubes (superheat):

o The e-NTU model is not able to capture the precise dehumidifying condition
of the fin, compared to the Fin2D-W model. It only considers three fin condi-
tions 0%, 50%, and 100% wet fin. This is because of the discontinuity in the
fin temperature profile, which is a consequence of adapting the adiabatic-fin-
tip assumption. In addition to this assumption, the high fin efficiency which
usually exists in minichannel heat exchangers makes the heat transfer results
very sensitive to the tube temperature.

¢ In the region of totally wet fin, the relative deviations in total heat transfer
were up to 4.33%.

o In the region of partially wet fin, the deviations between the two approaches
start to increase significantly with the increase in superheat value, especially
the deviations in latent heat transfer. This is the consequence of using adia-
batic-fin-tip assumption at half the height, which results in large differences
in the fin temperature profile and dehumidifying condition between the two
models. The relative deviations in total heat transfer between the two ap-
proaches for Cases I, II, and 111 were up to 16%, 30%, and 52%, respectively.

The second model, which is referred to as Fin1lD-MB, retains the essential heat and
mass transfer phenomena as the Fin2D-W model, but with much lower computa-
tional cost. The Fin1D-MB model is based on the one-dimensional fin theory in con-
junction with the technique of movable boundaries between wet and dry portions
along the fin height. This innovative scheme substantially reduces the complexity of
evaporator discretization, and allows capturing the tube-to-tube heat conduction and
actual dehumidifying condition of the fin. Unlike the Fin2D-W model, the FinlD-
MB model implicitly assumes uniform air temperature and humidity ratio along the
fin height. A comparison of the heat transfer results between the FinlD-MB and
Fin2D-W models was made under different dehumidifying conditions and values of
superheat. The general conclusions of this study are:
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Compared to the Fin2D-W model, the Fin1D-MB model saved up to 95% of
the computation time for all cases studied. This advantage is derived from
using the one-dimensional fin theory.

The Fin1D-MB model also predicted the real dehumidifying condition of the
fin quite well for all the situations studied. This is the consequence of adopting
the moving boundaries technique along the fin height.

In the fully wet fin region, the FinlD-MB model predicts slightly higher heat
transfer results than the Fin2D-W model. The relative deviations in total heat
transfer in this region were up to 4.34% for the three cases studied.

In the partially wet fin region, the deviations in total heat transfer rate in-
creased by up to 10%. Nevertheless, these deviations are expected to decrease
while evaluating a complete minichannel evaporator.

Although both models predict similar fin temperature profiles and dehumidi-
fying conditions, the main source of deviations in heat transfer results, espe-
cially in latent heat transfer, is the assumption of uniform air temperature and
humidity ratio along the fin height adopted by the FinlD-MB model.

In the second part of the current thesis, the Fin1D-MB model was integrated into the
IMST-ART® simulation program to assess the general performance of minichannel
evaporators (air- and refrigerant-side). The Fin1D-MB model was selected because
of its simplicity and calculation speed, compared to the Fin2D-W model. After inte-
grating the Fin1D-MB model, it was validated against experimental data and numer-
ical models existed in the literature. The validation process was achieved for differ-
ent MCHX geometries, refrigerants, and operating conditions. The global conclu-
sions of these studies are listed below.
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For UPCT’s R134a evaporator: the Fin1D-MB model successfully predicted
the inlet refrigerant temperature, refrigerant-side pressure drop, outlet air tem-
perature, and cooling capacity within error bands of £0.5 °C (with a MAE of
+0.24 °C), +20% (with a MAE of +9.12% ), +0.5 °C (with a MAE of £0.43
°C), and 5% (with a MAE of £1.8% ), respectively.

For Yun’s R134a evaporator: the proposed model estimated the total heat
transfer rate quite well with a MAE of £1.2%.

For Beaver’s CO, (R744) evaporator: the Fin1D-MB model predicted the
cooling capacity within £10% error bands with a MAE of + 4.3%. Addition-
ally, it predicted approximately 60% of the outlet air temperature values
within £1.0 °C error bands with a MAE of £0.9 °C. Regarding the refrigerant-
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side pressure drop, the maximum deviation between the predicted and meas-
ured values was 11 kPa.
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Future Work

In order to improve the present numerical model, regarding the computational cost
and reliability, the following enhancements, tests, and modifications should be con-
sidered in the future:
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Implementing and testing additional HTC and FPD correlations for both air-
and refrigerant-side.

Testing the current model against further heat exchanger geometries, refriger-
ants, and operating conditions.

Improving the numerical scheme to allow simulating multi-slab minichannel
evaporators.

Modifying the air-side governing equations to account for frost formation and
air maldistribution.

Modeling the refrigerant maldistribution and pressure drop in the headers of
minichannel evaporators.
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6.1 Appendix A: Psychrometric Relationships and Charts

6.1.1 Introduction

Psychrometrics uses thermodynamic properties to analyze conditions and processes
involving moist air. This appendix discusses perfect gas relations and their use in
common heating, cooling, and humidity control problems. Formulas developed by
Herrmann et al. (2009) may be used where greater precision is required.

Hyland and Wexler (1983a) and (1983b), Nelson and Sauer Jr. (2002), and Herrmann
et al. (2009) developed formulas for thermodynamic properties of moist air and wa-
ter modeled as real gases. However, perfect gas relations can be substituted in most
air-conditioning problems. Kuehn et al. (1998) showed that errors are less than 0.7%
in calculating humidity ratio, enthalpy, and specific volume of saturated air at stand-
ard atmospheric pressure for a temperature range of —50 to 50 °C. Furthermore, these
errors decrease with decreasing pressure.

6.1.2 Thermodynamic properties of water at saturation

The water vapor saturation pressure is required to determine a number of moist air
properties, principally the saturation humidity ratio. The saturation pressure over lig-
uid water for the temperature range of 0 to 200 °C is given by the following formula
(Hyland and Wexler, 1983b):

IN Pyy.sat =C1/ T +Cp +C3T +C,T2 +CgT> +CqInT (6.1)
where

Pw,sat IS the water vapor saturation pressure [Pa],
T is the absolute temperature [K],
C,=-5.8002206x10?,

C2=1.3914993,

C3=-4.8640239x10

C4=4.1764768x10°

Cs=-1.4452093x108, and

C6=6.5459673.
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6.1.3  Perfect gas relationships for dry and moist air

When moist air is considered a mixture of independent perfect gases (i.e., dry air and
water vapor), each is assumed to obey the perfect gas equation of state as follows:

Dry air: 6.2)
Pda -V =Nga Ry - T .
Water vapor:
_ (6.3)
Pwv V= My - Runv T
where
paa IS the partial pressure of dry air,
pw IS the partial pressure of water vapor,
V is the total mixture volume,
Nga IS the number of moles of dry air,
nw IS the number of moles of water vapor, and
Runv IS the universal gas constant = 8314.472 [J/kmol-K].
The mixture also obeys the perfect gas equation:
Pam -V =N Ry - T (6.4)
or
(pvw + pda) V= (nwv + nda)' |:zunv T (6.5)

where pam iS the total mixture pressure, in the current work it is equal to the standard
atmospheric pressure =101325 Pa, and n is the total number of moles in the mixture.
From Equations (6.4) to (6.5), the mole fractions of dry air and water vapor are,
respectively,

Xga = Pa/( Pda + Puw )= Pea ! Pam (6.6)
and

X = pwv/( Pda * pvw):pwv/ Patm (6.7)
6.1.3.1  Humidity ratio, W

Humidity ratio of a given moist air sample is defined as the ratio of the mass of water
vapor to the mass of dry air in the sample:
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mWV
6.8
My (6.8)

W:

W equals the mole fraction ratio xw/xd¢a multiplied by the ratio of molecular masses
(18.015268/28.966 = 0.621945):

W = 0.621945 7w (6.9)
X,
da

From Equations (6.6), (6.7), and (6.8), the humidity ratio W is

W = 0.621945 Pwv (6.10)
Patm — Pwy
6.1.3.2  Specific enthalpy of moist air, h

The enthalpy of a mixture of perfect gases equals the sum of the individual partial
enthalpies of the components. Therefore, the specific enthalpy of moist air can be
written as follows:

h= hda +W- hwv,sat (6.11)

where hga is the specific enthalpy for dry air in J/kgga and huysa is the specific en-
thalpy for saturated water vapor in J/kgwaer at the temperature of the mixture. As an
approximation,

hga =Cp,da - Tap ~1006- Ty, (6.12)

Nywsat = Novsat + Cpaw * Ta = 2501000 +1860 - Ty, (6.13)
where
Cpda s the specific heat of the dry air,

ho is the enthalpy of saturated water vapor at 0 °C,

Wv, sat
Cpw  is the specific heat of water vapor, and
Tao is the air dry-bulb temperature in °C.

The moist air specific enthalpy in J/kgd. then becomes
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h=1006-Ty, +W (2501000 +1860- Ty, ) (6.14)

6.1.4 Humidity parameters involving saturation

6.1.4.1  Saturated humidity ratio, W,

It is the humidity ratio of moist air saturated with respect to water (or ice) at the same
temperature T and atmospheric pressure Paim.

Wy, = 0621045 Pwmisat (6.15)

Patm — pwv,sat

6.1.4.2  Degree of saturation, y

It is the ratio of air humidity ratio W to humidity ratio of saturated moist air Wi, at
the same temperature and pressure.

M=

6.16
Weat (6:10)

T, patm

6.1.4.3  Relative humidity, RH

It is the ratio of the partial pressure of water vapor pw, to saturation pressure of water
vapor pw.sat in the absence of air at the given temperature T.

= “ (6.17)

RH:p_WV
T P 1‘(1‘,U)( pwv,sat/ patm)

pwv,sat

6.1.5 Thermodynamic wet-bulb and dew point temperature

6.1.5.1 Wet-bulb temperature, Ty

For any state of moist air, a temperature T~ exists at which liquid (or solid) water
evaporates into the air to bring it to saturation at exactly this same temperature and
total pressure (Harrison, 1965). During adiabatic saturation, saturated air is expelled
at a temperature equal to that of the injected water.
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Therefore, if the process is strictly adiabatic, conservation of enthalpy at constant
total pressure requires that

h+ (Ws;t -W ) h\jvater,sat = hs*at (6-18)

* * . * -
where w5, Nyaersat» sz are functions only of temperature T* for a fixed value of

sat !
pressure. The value of T~ that satisfies Equation (6.18) for given values of h, W, and
p is the thermodynamic wet-bulb temperature Tup.

Substituting the approximate perfect gas relation (Equation 6.14) for h, the corre-

sponding expression for Ny, and the approximate relation for saturated liquid water

h\jvater,sat ~4186- T, (6.19)
into Equation (6.18), and solving for the humidity ratio,

y _ (2501000 -2326-T,, Wiz —1006(Tgy, —Typ ) (6.20)
250111860 Ty, — 4186 T,

where Tw, and Tqy are in °C. Trial-and-error or numerical solution method is required
to solve Equation (6.20).

6.1.5.2  Dew point temperature, Tg,

The dew point temperature Ty, of moist air with humidity ratio W and pressure pam
was defined as the solution Tap (Parm, W) Of Wsar (Pam, Tap). FOr perfect gases, this
reduces to

Puvsat (Top) = Paw = ( Patm 'W)/(0.621945 +W) (6.21)

The value of water vapor saturation pressure at the dew point temperature could be
obtained from Equation (6.1). Alternatively, the dew point temperature can be cal-
culated directly by the following equation (Peppers, 1988):

Between dew points of 0 and 93°C,

Tap =C7 +Cg-(IN Py )+ Co - (IN Py ) +Cro - (IN Py )° + Cr (Pu

where

)0.1984 (6.22)

Tao is the dew point temperature [°C],
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Pw is the water vapor partial pressure [Kpa],
C7:6.54,

Cs=14.526,

Cq=0.7389,

C10=0.09486, and

C11=0.4569.

6.1.6  Psychrometric charts

A psychrometric chart graphically represents the thermodynamic properties of moist
air. A chart with coordinates of enthalpy and humidity ratio provides convenient
graphical solutions of many moist air problems with a minimum of thermodynamic
approximations. ASHRAE developed many psychrometric charts for different alti-
tudes and pressures. Figure 6.1 represents the one for sea-level pressure (101.325
kPa). All charts use oblique-angle coordinates of enthalpy and humidity ratio, and
are consistent with the properties computation methods of Goff (1945) and (1949),
as well as, Hyland and Wexler (1983a).
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Figure 6.1. ASHRAE psychrometric chart for sea-level pressure (101.325 kPa).
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6.2 Appendix B: C++ Modeling Structure

6.2.1 Introduction

Firstly, the main concepts which are used to transform a heat exchanger to a set of
cells, nodes, and connections will be introduced. Figure 6.2 presents a simple exam-
ple of a heat exchanger and its discretization scheme.

}

\

Secondry fluid cell

Primary fluid cell

Figure 6.2. General discretization scheme for a heat exchanger.

The cells represent control volumes for primary or secondary fluids and wall. For
fluid cells, the nodes define the properties of the sections where they are located:;
while the nodes which are located in the centroid of wall cells represent the proper-
ties of the whole cell. These provisions must be consistent with the discretization of
the governing equations, which describe the physical behavior of each cell. This dis-
cretization process and technique will be discussed in details in the upcoming sec-
tions.
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The last discretization element is the joins which define the type of connection be-
tween the neighboring cells, wall-wall or wall-fluid join. These joins symbolize the
processes which are resulted from the interaction between any two elements. For
example, the heat and mass transfer coefficients are defined by wall-fluid join, as it
is a result of the interaction between the both cells.

The current numerical models (Fin2D-W and Fin1D-MB) have been developed by
the C++ programming language. The main advantage of this language that it is based
on the object-oriented programming (OOP). This advanced technique allows repre-
senting each physical entity of the heat exchanger as an object from a specific class.

Using this concept in the modeling process allows for a better modularization of the
calculations, and an elaborate and efficient numerical model.

The objects can only access to the information stored in themselves or to other ob-
jects which share the same element. The objects diagram (Figure 6.3) is very useful
for understanding the physical model. Usually, the object has the name, or similar
name, of its corresponding class.

{Fluid Cells}

{Fluid Nodes}

Fluid

{Fluid Cells}

Secondry Fluid

{Fluid Nodes}

Fluid

I

| -
)
Qo
c
(C
L
o
X
Ll
)
(C
Q
I

{Wall Nodes}

Solid

Figure 6.3. C++ Objects used in the current models.

It can be noted that some objects carry “{ }” they are a vector of objects of the same
class, otherwise they are scalars.
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The classes diagram (Figure 6.4) is useful for the model programming. The class
actually defines the characteristic of the object.

. Heat Exchanger . Heat Exchanger
Fluid Solid

Wall Cell Fluid Cell Fluid Node Wall Node Wall-Fluid Wall-Wall
Join Join

‘Elemental| | Mixing | B Main class

|:| Inherited-from-main class
[] Inherited-from-inherited class

Figure 6.4. C++ Classes adopted in the present models.

The main features of each model class are explained next. These features are grouped
into different methods and attributes for each class.

6.2.2  Classes of the evaporator models (Fin2D-W and Fin1D-MB)

a) Heat Exchanger

This is the global class, its objects can access to any information. Its members (func-
tions and variables) control the flow of the whole program and all other objects from
different classes.

It has two objects from the Heat Exchanger Fluid class (one for the primary fluid
and the other for secondary fluid), one object from the Heat Exchanger Wall class,
and a vector of objects from the Joins class (in the upcoming sub-sections the types
of these joins are explained).

Its functions include: initialization of the evaporator topology, initialization of the
temperature and humidity ratio fields for the whole heat exchanger, initialization of
the mass flow rates along the evaporator, execution of the fluids and wall calcula-
tions, evaluation of the final solution parameters and exportation of the results to an
external file.
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b) Fluid

This class represents the pure thermodynamic concept of a certain fluid. All the fluid
properties, such as specific heat, conductivity, viscosity, dew point of air, etc., are
calculated and stored by the members of this class. It can also access to an external
library to get any properties for a specific fluid to facilitate the calculations proce-
dure.

¢) Heat Exchanger Fluid

It includes an object from the Fluid class, a vector of objects from the Fluid Cell
class (consisting of all discretized fluid cells), and finally a vector of objects from
the Fluid Node class (these nodes are discussed later). Its primary function is to or-
ganize and execute the calculation procedures to all the fluid cells.

d) Cell

This is a main generic class which represents any cell for the heat exchanger (fluid
or wall). It contains the position information (Cartesian spatial coordinates) of each
cell and basic geometrical parameters such as the volume of the cell. It also stores
the identity (numerical id number) of the cell to ease the identification of each cell
during the calculations. However, this class does not do any action itself unless iden-
tifying firstly the type of cell (fluid or wall) which represents.

e) Fluid Cell

This class defines the fluid cells; it inherits the attributes, members, and methods of
the primary Cell class. When discretizing the evaporator to cells, it is important to
keep in mind that the fluid cell could contain zones of fixed mass flow rate, bifurca-
tions, or unions. So while discretization, the following methodology has been
adopted.

When the mass flow rate is constant, the flow domain could be discretized to cells
which contain one node at the inlet and another node at the exit. When a bifurcation
or union appears, a mixing cell is inserted which has several nodes for the inlet or
exit. These cells only attempt to represent the singularity of the bifurcation or union.
The general discretization scheme for the fluid flow is plotted in Figure 6.5.

Therefore, the fluid cell could be elemental (with constant mass flow rate), or mixing
(contains bifurcation or union). Generally, any object from the Fluid Cell class stores
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a vector of objects from inlet nodes, a vector of objects from exit nodes, and the type
of the cell.

Although this class has the calculation method for the cell, however, the main calcu-
lations are done in other classes (Elemental and Mixing Fluid Cell classes) which are
derived from it.

I
: Mixing cell
N £33 N N N £33

Elemental cell Nodes

Figure 6.5. General discretization scheme for fluid flow.

f) Elemental Fluid Cell

As mentioned above, this cell represents the portion of fluid where the mass flow
rate is constant. This class inherits the attributes, members, and methods of the Fluid
Cell class. It stores all the parameters which are related to the cell such as the heat
transfer from/to the cell, however, it does not store the temperature, humidity ratio,
pressure, etc. because those parameters are related to the nodes.

The primary objectives of this class are: performing the heat and mass balances for
each cell, calculating the residual for each iteration, and finally calculating and stor-
ing the sensible, latent, and total heat transfer rates.

g) Mixing Fluid Cell

This class represents the singularity of the bifurcation or union. Like the Elemental
Fluid Cell class, it inherits the attributes, members, and methods of the Fluid Cell
class. The singularity of the bifurcation or union is assumed to be adiabatic with
differential size as shown in Equations (6.23) and (6.24).
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out Nri%des i out

node i~ Z mnode i nodes (6-23)
out N Naoges N Out
nodel Z h-m |node| Z mnodel nodes (6-24)

where m and h are the mass flow rate and enthalpy, respectively.

h) Node

This is a main class which represents a point in the space of any cell. There are two
types of nodes: fluid cell node and wall cell node, which are defined later.

i) Fluid Node

This class inherits all the members of the main node class. It represents a point in the
fluid cell space in which the average fluid properties, of a specific section of the cell,
are stored. Any fluid node contains information about the thermodynamic properties
of the fluid which flows across a specific section, where this node is found. These
thermodynamic properties are, for example, temperature, humidity ratio, relative hu-
midity, dew point, enthalpy, etc.

j) Heat Exchanger Wall

This class represents the entire wall for the heat exchanger, all divisions between the
primary and secondary fluids including the fins. Its contents and functions are similar
to the Heat Exchanger Fluid class. It has an object from the main Solid class and a
vector of objects from Wall Cell class.

k) Solid

This class is analogous to the Fluid class. It stores and calculates all the thermal
properties related to the wall material, such as the thermal conductivity.

) Wall Cell

It is like the Fluid Cell class, inherits its properties from the main Cell class. Physi-
cally, it is similar to the fluid cell but for wall. It stores the cell geometrical variables
such as the thickness, perimeter, etc. Unlike the fluid cell, the wall cell has only one
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type. It contains several functions to do all the wall cell calculations, regarding the
tubes and fins.

m) Wall Node

In the solid case, this node is located at the centroid of the wall cell. It stores the
average values of the wall cell thermal properties, such as the temperature.

n) Join

As seen in Figure 6.2, this class represents the physical interaction between any two
adjacent cells. Its primary function is to determine the type of this interaction,
whether it is a wall-to-wall join or fluid-to-wall join. Each type of these joins has a
distinct class as discussed below.

0) Wall-Fluid Join

This class contains the necessary parameters to calculate the convection heat and
mass transfer (dehumidification) between the wall cell and the adjacent fluid cell. It
contains all the references between the adjacent cells. Also, it has functions to cal-
culate many coefficients and parameters related to the process of heat and mass trans-
fer such as: overall heat transfer coefficient for dry and wet cases, sensible heat trans-
fer coefficient for primary and secondary fluids, total heat transfer coefficient for
wet case, etc.

p) Wall-Wall Join

The only function of this class is to determine and store some parameters which are
related to the longitudinal heat conduction between the adjacent wall cells; such as
the distance between the nodes of the adjacent cells, the cross-sectional area perpen-
dicular to the heat conduction, etc.
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6.3 Appendix C: Matrix [B] Coefficients

Matrix B is a 3x4 matrix which is employed in the Fin1D-MB model (Equation
3.19). It contains all the components which are required to evaluate the average tem-
perature for a fin cell.

6.3.1 Components of By
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6.3.2 Components of B
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6.3.3 Components of B;,;
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B3,4 =

where
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is the wet fin parameter;

is the dry fin parameter;

is the length of first fin portion fp1, measured from the fin base;
is the length of third fin portion fp3, measured from the fin tip;
=0+ &

=M /m; and

is the total fin height.
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