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1. INTRODUCTION

This thesis presents a summary and analysis of the development of dehumidifying fin and tube
coil models. The goal is to compare and assess the models that are presented in the available
literature and evaluate the implementation and performance of some select models. By bringing
all of these works into one central location and comparing one author’s work to another and
experimental data, differences in the models can be evaluated for increased accuracy of calculated
heat transfer rates, ease of implementation, and range of applicability. This will facilitate the
need to clearly identify assumptions and methods that each author uses and determine if the

assumptions are acceptable.

A. Overview
Heat transfer between air and a fluid separated by an impermeable surface has a well-defined
calculation method when the heat transfer is sensible only. The sensible heat transfer is driven by
a temperature potential between the air and fluid. Several methods have been developed to
calculate the performance of a coil such as the Log Mean Temperature Difference (LMTD) and
the Effectiveness-NTU (Eff-NTU). Some difficulty is introduced when calculating the
performance of a coil that dehumidifies the air. The dehumidification process introduces

complexities in the heat and mass transfer calculations.



To solve for the combined heat and mass transfer problem, assumptions are made in order to
derive a workable set of equations. The assumptions used have developed over time depending
on computing resources available at the time. Early works mainly used the LMED and Eff-NTU
methods based on the enthalpy potential assumption. Later works have relied on computational
power of more modern computers and not rely on simplifying assumptions such as the enthalpy
potential. Also, as the computational power of computers increased, authors subdivided the heat

exchangers into smaller sections for a more accurate solution.

This review will bring continuity to the body of dehumidifying coil literature by:

e clearly identifying the underlying assumption associated with each author’s work
e assessing the performance of some select models to experimental data

e cvaluating the differences between models



2. REVIEW OF THE LITERATURE

Twenty four papers are included in this review with the earliest being Goodman (1938).
Goodman presented the enthalpy potential assumption and the LMED method. Threlkeld (1962)
presented a LMED method that is more detailed than Goodman’s by accounting for factors such
as the tube conduction, condensate film conduction, and fin efficiency. Threlkeld also used the
term ‘fictitious enthalpy’ which aids in the understanding of his derivations. Several authors
reference Threlkeld’s work such as Elmahdy & Mitalas (1977), Braun, et al (1989), Domanski
(1991), Mirth & Ramadhyani (1993), Theerakulpisut & Priprem (1998), Vardhan & Dhar (1998),

and Morisot, et al. (2002).

A. Methods and Assumptions
A complete listing of the papers included in the review is shown in Table 1. The table shows the
methods that are used to develop the models as well as some of the common assumptions that are
made. With one exception, the methods are independent of the assumptions. Since the enthalpy
potential assumption is used to derive the LMED method, the use of the LMED method implies

the use of the enthalpy potential assumption.



Table 1 - Summary of methods and assumptions used by various authors

Method Assumptions
Author Date Eff- | Fundamental | Enthal Le = | Fictitious
LMED | LMTD NTU Equation PotentFi)a:,I 1 Enthalpy
Goodman 1938 | Vv v v v
Ware 1960 v v v v
Threlkeld 1962 | v/ v v v
McQuiston | 1975 v'2)
Elmahdy 1977 v v v v
Braun 1989 v v v v
Domanski 1991 v v
Hill 1991 v v
Mirth 1993 v
Theerakulpisut | 1998 | v/ v v
Vardhan 1998 v v v v
McQuiston | 2000 | v v v
AHRI 2001 | v/ v v
Wang 2003 v v v
Oliet 2007 v v v
Wang 2007 v v
Xia 2009 v v v

(1) — Application of method not explicitly defined
(2) —Used LMTD and LMwD
(3) — Used LMED (air to surface) and LMTD (surface to cold fluid)

Additional assumptions are typically made in the calculation of the thermal resistance from the

free stream air to the cold fluid. There are a number of possible combinations.

Figure 1 illustrates each thermal resistance in the network as a solid line between two points
representing different temperature measurement locations in the network. A vertical line between
two points indicates that the temperatures of the two points are the same indicating that the
thermal resistance between those two points is assumed to be negligible. Tube and film thermal
resistances are typically neglected as illustrated in Figure 1 (a), (b), (d). Table 2 shows the

resistances that each author includes in their work.
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T, oo
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Figure 1 - Temperature gradients with different resistances included.
Table 2 - Various heat transfer resistances used by various authors
Resistances included
Author Date Air side Condensate | Tube Cold fluid .
convection film wall | convection Contact | Fouling
Goodman 1938 X X
Ware 1960 X X
Threlkeld 1962 X X X X
McQuiston 1975 X X X
Elmahdy 1977 X X X X
Braun 1989 X Lumped term*
Domanski | 1991 X X | x| X X
Hill 1991 X Lumped term*
Mirth 1993 X X X
Theerakulpisut | 1998 X X X X
Vardhan 1998 X X X
McQuiston 2000 X X
AHRI 2001 X X X X
Wang 2003 X X X
Oliet 2007 X X X X X
Wang 2007 L_lrjg:sqid Lumped term*
Xia 2009 X | | X ] ]

* - combined UA term with no detailed description




B. Nomenclature
A representative section of a dehumidifying coil is show in Figure 2. This figure will aid in

clearly identifying where temperatures or other properties are located.

To
Tf intip Alr
Fin
T .
fitm Tf inbase
T;
9 Condensate
/7] Tube Wall
Tt L
= Cold Fluid

(22777222777222777222777722277772277777277 Tebe Wall

Figure 2 - Cut away view of a representative dehumidifying coil

One of the common points of confusion is the use of a ‘surface’ temperature. There are several
surfaces shown in Figure 2 such as the film surface, fin surface, and tube surface. When an
author assumes no thermal resistance in the tube and/or condensate layer, the term ‘surface’ gets

even vaguer.

A complete table of nomenclature used in this thesis is included at the end.

C. Fundamental Equation and Basic Assumptions
The governing equation for dehumidifying air is given by equation (2-1) ASHRAE (2009). This

equation is the starting point for all the dehumidifying coil models discussed in this paper.



€ (T~ Tyum) + o Wer = Wy Yiganater -1
Some authors Domanski (1991), Hill & Jeter (1991), Mirth & Ramadhyani (1993), Wang, et al.,
(2007), and Oliet, et al. (2007) have developed methods that use the fundamental equation
[equation (2-1)] as a basis for their starting point and did not try to simplify this equation to make
it more manageable. This leads to a computationally intensive equation set but fewer
assumptions are used, implying a more accurate solution. All of the other authors use a

simplified form of the fundamental equation called the enthalpy potential which will be discussed

later.

Wang & Hihara (2003) developed a new methodology to calculate the heat and mass transfer of a
dehumidifying coil. Their method, the equivalent dry bulb temperature method (EDT), finds an
equivalent sensible only heat transfer process and uses that process to determine the total
capacity. In Figure 3 the dashed green line represents the actually dehumidifying process and the
red line is the equivalent sensible only process. Wang defines three states of the coil, completely
dry, partially wet, and completely wet, and defines how to determine which state the coil is in by
the entering air conditions. This is convenient because it results in a non-iterative process to
determine if the coil is wet or dry. One of Wang’s reasons for developing this methodology is to
simplify the calculations. Although it is hard to determine if this method is simpler, it does
present a different way to analyze the coil state. A more detailed analysis of Wang’s method is

found in Appendix D.
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Figure 3 - Representation of the EDT method

i Lewis Number

Evaluating the mass transfer coefficient in equation (2-1) is difficult. By introducing the Lewis
number, the ratio of the heat transfer coefficient to the mass transfer coefficient can be

established.

h

Le?/3 = (2-2)

Cp,00im

ASHRAE (2009) states the value of the Lewis number for air is about 0.845 for an air and water

vapor mixture. Thus leading to 0.8457/3 = 0.894 = . For most authors, the Lewis

Cp,e0ltm

number is assumed to be unity, mainly for convenience and simplification.

Few authors discuss the significance of assuming the Lewis number of unity. Xia, et al. (2009)
does give some analysis in justifying his Modified LMED method. Xia states that there is
significant deviation (range of -18% to 15% of total capacity) for Lewis number values that range

from 0.6 to 1.4, although he is not clear what air side operating conditions produced the desired

70 75 a0 &5 a0 a5 100 ] 105

HUMIDITY RATIO - POUNDS OF MOISTURE PER POUND OF DRY AIR



Lewis numbers. The deviation is compared to a numerical. The effects of the Lewis number will

be revisited in Chapter 5.

ii.  Enthalpy Potential Assumption
In order to simplify equation (2-1) a Lewis number of unity is typically assumed. Ifa Lewis
number of unity is not assumed, the derivation becomes more complicated. The enthalpy of the
free stream air and the saturated air at the film surface is then introduced as shown in equation
(2-3).
Q

2 = hm[(ioo - ifilm) - (Woo - Wfilm)if,water
(2-3)

= WorCppapor (Teo = Tritm)]
By neglecting the enthalpy change in the liquid water and superheated vapor, equation (2-3) can
be simplified into equation (2-4). According to McQuiston, et al. (2000) the neglected enthalpy
change typically accounts for about 0.5% of the total heat transfer and is therefore relatively

insignificant. Equation (2-4) is commonly referred to as the enthalpy potential equation.

Y — bl ~ byum) (2-4)
Since the enthalpy potential equation accounts for heat and mass transfer in one equation, it is
also referred to as a ‘single potential’ model. Most of the earliest papers presented here use the
enthalpy potential as a basis for their heat exchanger model including Goodman (1938), Ware &
Hacha (1960), Threlkeld (1962), Elmahdy & Mitalas (1977), Braun, et al (1989), Theerakulpisut
& Priprem (1998), Vardhan & Dhar (1998), McQuiston, et al. (2000), Wang & Hihara (2003),

and Xia, et al. (2009). A more detailed derivation of the enthalpy potential is found in Chapter 3.

D. Log Mean Enthalpy Difference
When Goodman presented his enthalpy potential assumption, heat exchanger calculations were

still being performed by hand, so having a simple methodology for determining heat exchanger



performance was necessary. By using the enthalpy potential assumption, the Log Mean Enthalpy
Difference (LMED) methodology is derived. This methodology is analogous to the Log Mean

Temperature Difference (LMTD) Cengel & Ghajar (2010).

Q = hpADiean (2-5)
. _ (A — Aiy)
Almean I—Alz (2-6)
n [A_ll

Where,

Aiy = i00,1 - ifilm,1

Aly =iy — ifilm,z

The form of the LMED method as shown in equations (2-5) and (2-6) calculates the heat transfer
rate from the condensate film to the air. The temperature of the film must be determined by other
means. McQuiston (1975) suggests using the LMED and the LMTD methods as shown in Figure
4 to calculate the heat and mass transfer from the free stream air to the cold fluid. This method
requires equating the heat transfer rates determined from the LMED and LMTD methods. An
iterative solution scheme is typically used to determine the film temperature that satisfies both

equations.

10
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Figure 4 - Application of LMED and LMTD methods to a heat exchanger

Recently, Xia, et al. (2009) presented a LMED method with the Lewis number as an input. Xia’s
work resulted in a Lewis number adjustment factor that is applied to the air side convection
coefficient. While Xia’s work started with the enthalpy potential equation (which assumed a
Lewis number of unity) and then reintroduced the Lewis number, it would have been easier to
understand if Xia started with the fundamental equation (2-1) and derived the enthalpy potential
assumption without the Lewis number set to unity. The end result is a LMED method that

accounts for varying values of the Lewis number as shown in equations (2-7) and (2-8).

. hA o
Q= C_Leadjustment(Loo - Lfilm) (2-7)
p,©

1

| Le?/3 -1 |
Leqqjustment = |1 -z | (2-8)

l Q_sensible + Lez/3J

Qiatent

The concern with this method is determining the value of the Lewis number. The method used in
Xia’s work is described in Pirompugd, et al. (2007) which is a curve fit of the Lewis number for a

specific coil geometry. As a result, the correlation is not applicable beyond the original data set.

11



i.  Fictitious Air Enthalpy
An alternative to the combined LMED and LMTD approach shown in Figure 4 applies the
LMED from the free stream air to the cold fluid. In order to do this, all heat transfer potentials
must be defined in terms of air enthalpy so they can be added together in series. This leads to the
introduction of a fictitious air enthalpy. The fictitious air enthalpy is the saturated air enthalpy
evaluated at a temperature other than the air temperature. This allows a temperature node to be
expressed in terms of an air enthalpy, thus meeting the requirement to express the entire process
from refrigerant to air in terms of an enthalpy difference. The fictitious air enthalpy takes the
form of a linear approximation, as shown in equation (2-9), due to the complexities that a higher
order polynomial representation of the saturation line introduces when solving the differential
equations. The fictitious air enthalpy is defined as the tangent to the saturation line at a particular

temperature.

i’ =a+bT (2-9)

Ideally there should be an enthalpy approximation for each temperature node shown in

Figure 1, Threlkeld (1962). Linear approximations for the cold fluid temperature, the fin base
temperature, and the mean fin temperature are shown in Figure 5. The dashed green line is
tangent to the saturated air curve at 45°F, the gold line is tangent at 50°F, and the blue line is

tangent at 51°F. These temperatures are a fair representation of a typical HVAC cooling coil.

12
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Figure 5 - Linear approximation of air enthalpy
The following equations are presented to give an example of the application of the fictitious air
enthalpy. Equation (2-10) describes the heat transfer between the cold fluid and the inner tube

surface in terms of the temperature potential.

Q = Ahy(T.; —T,) (2-10)
By applying the fictitious enthalpy of equation (2-9) to equation (2-10), equation (2-11) is

formed, which describes the heat transfer in terms of fictitious air enthalpy.

Q- — Ah. it’t,i — Qg . ié —Qc (2_11)
B ' bt,i b,

All papers either assume the ‘a’ coefficients cancel out or can just be neglected except for Hill &

Jeter (1991). Hill’s method uses a fictitious humidity ratio instead of a fictitious air enthalpy but
the fictitious is used in the same manner as fictitious enthalpy. Authors will also make some
simplifications to the ‘b’ coefficient such as Goodman (1938), Ware & Hacha (1960), and
Elmahdy & Mitalas (1977) use a single ‘b’ coefficients will be approximated by an average value.
Threlkeld (1962) uses two different ‘b’ coefficients instead of combining them into one. The

percent change in the green dashed line compared to the blue dotted line is about 10%. This

13



equates to a 2% change in total resistance so it is a simplification that is used as suggested by

Ware & Hacha (1960).
Assuming that a,; = a. and b;; ~ b, equation (2-11) reduces to equation (2-12).

Q= 1—h (ic; — i) (2-12)
Ware & Hacha (1960) predates the fictitious enthalpy presented by Threlkeld but he does present
similar work regarding the ‘b’ term of equation (2-9). Ware presents a theoretical analysis that
justifies the combining of several different ‘b’ terms into one. He shows that the assumptions do

not affect the overall thermal resistance by more than 1.5%. The end result of Ware’s work is the

LMTD method for a wet coil, which will be discussed in the next section.

One of the issues with the fictitious enthalpy is that if it needs to be solved at an internal
temperature node (not the air or cold fluid), the solution now becomes iterative. An initial guess
of the internal temperature is used to evaluate the desired fictitious enthalpy then the heat transfer
rate can be determined. Once the heat transfer rate is determined, the internal temperatures are

then calculated via the resistance network and verified with any initial guesses.

Braun, et al (1989) used a fictitious enthalpy but in a different form. Braun uses differential
equations to build his method so he essentially uses the differential of equation (2-9). Because of
this, only the ‘b’ term of equation (2-9) is seen is Braun’s work. Braun implies, though does not
explicitly state, that the final form of his method evaluates the ‘b’ term at a single point and uses

that slope for all temperatures in the coil.

Elmahdy & Mitalas (1977) is the only model that requires the ‘a’ coefficient to solve the set of
equations. This is due to the way they chose to form the equation set. Elmahdy writes an
equation to determine an intermediate surface temperature that is a function of the entering air

enthalpy and water temperature. He converts the fictitious enthalpy to a temperature in the

14



equation. Threlkeld, on the other hand, defines an equation in terms of the entering air enthalpy
and fictitious enthalpies and allows the user to determine how to convert the fictitious enthalpy

into a temperature. The user could use the fictitious enthalpy equation or use their own

psychrometric routines.

Since this fictitious air enthalpy is a linear approximation of the saturation line at a particular
point, it can only be applied over a small range of temperatures without introducing significant
error. Threlkeld (1962) suggests that this approximation only be applied to any temperature in
the thermal network that deviates by less than 10°F from the temperature at which the fictitious
enthalpy is defined. This refers to the temperature change of the cold fluid from the inlet to outlet
and any other temperature node where the fictitious air enthalpy is applied such as the tube
surface or condensate temperatures. While Threlkeld (1962) did not give any justification for the
10°F limit, at 60°F, the max percent error for a range of £5°F is -0.7% and the max percent error

for a range of 0-10°F is -3.3% as shown in Figure 6.
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Figure 6 - Percent error between actual air enthalpy value and linear approximation

15



E. LMTD
While the fictitious enthalpy is usually used to convert a temperature to an enthalpy, it can also be
used to convert an enthalpy to a temperature. Some authors Ware & Hacha (1960) Vardhan &
Dhar (1998) have taken the enthalpy potential equation and then applied the fictitious enthalpy
approximation to change the enthalpy potential into a temperature potential. This requires that
the enthalpy for air is constant for a given wet bulb temperature. By substituting the fictitious

enthalpy into equation (2-4), the following equation is produced.

Q = hA(boTewowp + Ao — bitmTritm + Aritm) (2-13)
For simplicity, the authors use an average value of b, and by, defined by equation (2-14).
loo — ifilm

baye =7 2-14
ave TOO,wb - Tfilm ( )

Q = hAbave (Tw,wb - Tfilm) (2-15)
Technically, this allows a dehumidifying heat transfer process to be determined using the LMTD
method, but the free stream air temperature is its wet bulb temperature instead of its dry bulb

temperature.

An earlier work by McQuiston (1975) presented a method where the sensible and latent heat
transfer rates are solved independently. The sensible heat transfer is solved by the LMTD
method, using the dry bulb temperature, and the latent heat transfer is solved by a log mean
humidity ratio difference (LMwD). The UA term as presented in the paper for the sensible heat
transfer includes the air side convection coefficient, the tube conduction, and the cold fluid
convection coefficient. This means that the temperature potential is from the air side to the cold
fluid. While a temperature potential from the free stream air to the condensate boundary applies

to a sensible load, a temperature potential from the condensate to the cold fluid applies to a
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sensible and latent load. The equation for the sensible heat transfer in this paper appears to be

incorrect.

F. Eff-NTU
Both the LMTD and the LMED methods need the input and output conditions of the two fluids.
When determining the performance of a given coil, this causes the solution to be iterative. For a
dry coil, the Eff-NTU method is not iterative as only the inlet fluid conditions are needed. Taking
the Eff-NTU methodology and applying to a wet coil is, unfortunately, still an iterative process.
When Braun, et al (1989) and Oliet, et al. (2007) developed an Eff-NTU method for a wet coil,
they both used the fictitious enthalpy. This fictitious enthalpy must be evaluated at various

intermediate temperatures, such as at the fin, tube surface, or leaving cold fluid.

Hill & Jeter (1991) used equation (2-1) to derive what they called a ‘generalized effectiveness-
NTU heat flux equation for combined heat and mass transfer’. In order to simplify the equation
set, the humidity ratio of the saturated air is assumed to be a linear function of temperature. Hill
shows that his equation reduces to the Eff-NTU for a dry coil with Cmin always calculated from
the air side. This is a limiting assumption of his method. Hill also assumes that the cold fluid
temperature can be represented by a single temperature. When the cold fluid is undergoing a
phase change, the temperature is constant, but if the fluid is not undergoing a phase change, then

some equivalent cold fluid temperature must be defined.

G. Additional Points of Interest

i.  Definition of a Wet Coil
All of the coil models mentioned previously apply to a wet or partially wet coil, the definition of
which may vary. For a coil to have condensate, part of the coil that is exposed to the air must
have a temperature that is less than the dew point of the air. The simplest way to determine if the

coil is wet is to use the tube outer surface temperature Goodman (1938), Ware & Hacha (1960),
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Threlkeld (1962), Elmahdy & Mitalas (1977), Braun, et al (1989), Domanski (1991), Hill & Jeter
(1991). Since this temperature is the minimum temperature at the fin base, it is possible to have a

partially wet fin.

Some authors, Threlkeld (1962) and Oliet, et al. (2007), use the mean fin temperature, which is
determined from the fin efficiency, to determine if the coil is wet or dry. Other authors, Jiang, et
al. (2006) and Vardhan & Dhar (1998), use the equivalent surface temperature, which is

determined from the surface effectiveness.

In order to get more detailed dry/wet analysis, additional information about the fin is needed since
the fin efficiency changes when the fin is dry or wet. Mirth & Ramadhyani (1993) and Wang &
Hihara (2003) used methods that give more details about the fin so their definition of a wet coil
changes. These authors define three regions of a coil; wet, dry, and partially wet and define a coil
as dry when the surface temperature at the fin base is above the dew point of the air. A coil is
defined as wet when the fin tip is below the dew point of the free stream air. Any other condition

results in a partially wet coil.

ii.  Application of the Methods
There are several different ways to apply the methods mentioned above. The simplest way to
apply these methods is the ‘slab’ application. This application assumes that some properties such
as convection coefficients and fin efficiencies are constant throughout the entire coil. In addition,
wet/dry coil definitions must be applied to the entire coil. These assumptions are not always

valid but they simplify the evaluation of the heat exchanger performance.

There are several circumstances where evaluating a coil as a ‘slab’ may not be appropriate. If the
properties of the fluids cannot be assumed constant, the coil is partially wet, or the use of the
fictitious enthalpy assumption is not in a valid range; the coil needs to be divided into smaller

sections and each section individually evaluated. One way to divide the coil into sections is by
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rows. For example, a five row coil could be split into two sections; one that is three rows and the

other that is two rows Threlkeld (1962).
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Figure 7 - Schematic of coil split into smaller sections

For a counter flow coil, the solution of the coil now becomes more iterative as the fluid outlet
conditions of subcoil A is now the inlet fluid conditions of subcoil B. Also, the outlet air

conditions of coil B are now the inlet air conditions of coil A.

Not all authors suggest dividing the coil at a physical boundary such as between rows. Dividing a

coil into a non-condensing (dry) section and a condensing (wet) section, Elmahdy & Mitalas
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(1977) suggests determining the percent area that is dry and wet even if the division is not at a
physical boundary. Elmahdy presents an equation that determines the water temperature at the
boundary between a dry and wet coil. With this key temperature an iterative solution is

developed to determine the percent areas for each section of the coil.

The slab approach works well for a refrigerant coil that is undergoing a phase change as long as
the refrigerant stays as a two phase fluid for its entire time in the coil. With the fluid undergoing
a phase change, the temperature of the fluid is nearly constant. While there are some applications
where this does occur, the refrigerant commonly exists as either a liquid and two phase fluid or
gas and two phase fluid in the common applications of HVAC refrigerant coils. Theerakulpisut
& Priprem (1998) present a slab approach for an direct expansion evaporator coil using three
sections, a dry two-phase section, a wet two phase section, and a superheated section, where two-

phase and superheated refer to the refrigerant and dry/wet refer to air side condensate.

The next reasonable step to a more accurate solution is to evaluate the performance of each
individual tube of the coil which is an application Domanski (1991) presented. This application
is commonly referred to as the ‘tube by tube’ approach. This application has several benefits
over the ‘slab’ approach. First is the ability to account for different circuiting options of a coil.
The slab approach assumes that every tube has the same water flow rate and convection
coefficient. If there is a coil that has a circuitry where the water flow rate varies from tube to
tube, this approach can account for it. Another benefit is the ‘tube by tube’ approach can account
for a non-uniform airflow between tubes, however it cannot account for non-uniform airflow
along the length of the tube. In contrast, the ‘slab’ approach assumes uniform airflow across the

entire coil face area.

Even in a tube by tube approach, the heat exchanger may not be divided into small enough

sections to account for all property variations such as refrigerant changing from a liquid to a two
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phase fluid and then to a super-heated vapor. Dividing the tube into smaller sections leads to the
formation of a ‘segment by segment’ approach. Vardhan & Dhar (1998) and Jiang, et al. (2006)
present details on segment by segment approaches. Only with a segment by segment approach
can air distribution variations across the length of the tube be accounted for. Another benefit of
the ‘segment by segment’ approach is that the application of the linearized fictitious enthalpy is
more accurate since the temperature difference across a segment is rather small. Increasing the
number of segments will lead to a more accurate but will cost much more computational time.
The type of coil can also affect the required number of segments. A coil with two-phase
refrigerant only (fairly constant heat transfer properties) would need fewer segments than a coil

with both two-phase and single phase (variable heat transfer properties).

Any of the calculation methods described in previous sections (LMED, LMTD, Eff-NTU) can be
used with any of the applications mention in this section (‘slab’, ‘tube by tube’, and ‘segment by
segment’). The preferred method and application depends on the desired level of tolerance and

available computational resources of the user.

The one final application is a ‘finite difference’ application. This application is similar to the
‘segment by segment’ application except the segments are so small, the temperatures across the
segment are essentially constant. This allows the fundamental equation [equation (2-1)] to be
used in its original form as described by Mirth & Ramadhyani (1993). Mirth also assumes that
the coil can be modeled as a pure counter flow heat exchanger (see Figure 41) as a representative
heat exchanger), if the coil has more than three rows. This treats the coil like a slab application
where varying airflows and cold fluid flow rates cannot be accounted for but divides the coil into

many sections to account for varying fluid properties.

21



iii.  Energy Modeling
For an energy simulation software purposes, an ideal model needs to be quick, have minimal
inputs, and be accurate. To use the previously mentioned methods, the thermal resistance must be
calculated which required many inputs, specifically, many details about the coil geometry. There
have been models developed that can take a few operating points and build a simple coil model.
Some of these include Morisot, et al. (2002), Lemort, et al.(2008), and Brandemuehl (1993).
These models determine thermal resistances from catalog data and ratio the performance based on
parameters like air and refrigerant rates. These models must make some assumptions and can

vary from assuming ‘current technology’ or ignoring the performance of the cold fluid.

iv.  Sensible Load
When using the LMED or Eff-NTU method to calculate the performance of a dehumidifying coil,
the total heat and mass transfer is calculated but the split between latent and sensible is not

known. To determine the split, the following equation is given by AHRI (2001).

One of the previously mentioned methods must first be used to determine the outlet air enthalpy.

Then an equivalent film surface enthalpy is determined by the following equation.

. . ioo,i - ioo,o
lritmeqv = loo,i — —1 — o-NTU (2-16)

Where,

< ‘10”' >
NTU = .

Then equation (2-17) is used to determine the leaving air dry bulb temperature, where Trjm equ 18

the saturated temperature with an enthalpy of i equ-

TOO,db,o = Tfilm,equ + (Tw,db,i - Tfilm,eqv)e_NTU (2-17)
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Figure 8 - Sensible and latent heat transfer locations.

H. Summary
As seen from the sections above, there are many different ways authors build a dehumidifying
coil models. Each model is unique as they apply different assumptions, use different heat transfer
potentials, and even use equivalent temperatures and processes to model a heat exchanger. A
comparison between models is needed to see if the added details of each model show an

improvement to experimental data.
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3. MATHEMATICAL BASIS OF THE MODELS

Determining the performance of a heat exchanger is one of the central problems in unitary
equipment design. There are basic techniques that can be found in almost any heat and mass
transfer book, such as the Log Mean Temperature Difference (LMTD) and the Effectiveness-
NTU Method (Eff-NTU). These methods have certain assumptions and a specific range of
application. When mass transfer gets introduced into the heat exchanger problem, as in the
HVAC industry with a dehumidifying coil, these two methods must undergo some modifications
to apply to this situation. These methods have been developed over many years, but it is often
unclear as what the basic equations and assumptions are for a particular form of the methods. In
addition, some of the ‘advancements’ in these heat exchanger models may be just undoing early
assumptions which were made to facilitate performing the calculations by hand. This chapter will
lay out the fundamental equations used to derive these state-of-the-art heat exchanger models so

that newer models can be compared.
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Our basic heat exchanger problem involves two fluids of different temperature separated by a
tube or channel wall. The simplest example of this would be a coaxial heat exchanger. A cold
fluid is flowing through a tube; that cold fluid and tube is placed inside of another tube that has a
hot fluid inside of it. Figure 9 shows a schematic of a coaxial heat exchanger in a parallel flow

configuration.

Ty i, mp

)

Figure 9 - Coaxial heat exchange with parallel flow

Cengel & Ghajar (2010) present the derivations that develop the basic LMTD and Eff-NTU
methods. The derivations are shown in Appendix B and Appendix C to provide the context

necessary when working with more the complex combined heat and mass transfer scenarios.

A. Enthalpy Potential
For a cooling coil, there is a chance of water condensing out of the air stream and onto the coil.

At times this is a desired effect to maintain comfort conditions in an occupied space.

A ‘dry’ cooling coil cools the air but not below the dew point of the air. Therefore, no moisture

will condense out of the air stream.

The water side heat transfer rate can be written as:
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Q = 1 Cpn(Thi — Tho) (3-1)
The air side heat transfer rate can be written as:
Q = moocp,oo (Too,o - Too,i) (3-2)

A ‘wet’ cooling coil cools the air below the dew point of the air and moisture does condense out
the air stream. Equation (3-2) does not represent the total heat transfer rate. However, if an
equation could be defined in terms of an enthalpy potential (instead of a temperature potential)
this would aid in determining the performance of a wet cooling coil. Defining equation (3-3) will

hold true if Aiy,eqyn 1s properly defined and appropriate assumptions are made.
Q = UAAipmean (3-3)

The following set of equations which uses the methodology presented by McQuiston (1976) will

lead to the definition of Ai,,.q, and define Q in terms of an enthalpy difference.

Figure 10 shows a cut away of a fluid to air heat exchanger with condensate. All temperatures

have been labeled for identification purposes.
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Figure 10 - Cross section of a heat exchanger with air side condensate
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The heat transfer rate between the condensate and air can be written as.

Q

n = h(Too - Tfilm) + hm (Woo - Wfilm)ifg,water (3-4)

Equation (3-4) is based on the conditions at the condensate-air boundary as seen in Figure 10. It

accounts for both the convection heat transfer and the phase change mass transfer.

To aid in the simplification of equation (3-4), the Lewis number, which is defined as the thermal

diffusivity divided by the mass diffusivity, is used in the following equation.

Le?/3 = h

P—— (3-5)

The Lewis number has an approximate value of 0.845 for air ASHRAE (2009). This value will
change based on temperatures but is fairly insensitive to temperature variations for air-water
mixtures. Even though the Lewis number is not unity, it is often approximated as unity as
discussed in the previous chapter. This assumption simplifies the relationship between the heat

transfer coefficient and the mass transfer coefficient.
Assuming Le = 1 and substituting equation (3-5) into equation (3-4), gives the following
equation.

Q .
Z = hm[cp,w(Too - Tfilm) + (Woo - Wfilm)lfg,water] (3-6)

The enthalpy at the film is defined as the enthalpy of the dry air plus the enthalpy of the moisture
in the air at the wall. It is assumed that the air is saturated at the film temperature. Enthalpies
and humidity ratios are therefore evaluated at the film temperature. The total enthalpy of the
moisture in the air is then defined as the enthalpy of the water vapor at the wall temperature plus

the latent heat of evaporation also at the wall temperature.
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ifilm = Cp,w(Tfilm - ref) + Wfilm[(if,water) + ifg,water] (3'7)

The variable T, refers to an arbitrary base point where the enthalpy equals zero. ~ As the

derivation proceeds, the reference variables will cancel out of the equations.

The enthalpy of the free stream is also evaluated as the enthalpy of the dry air plus the enthalpy of
the moisture in the air. The enthalpies for water should be computed at the dew point temperature
of the free stream air. In order to obtain a comparable reference baseline, enthalpies are instead
evaluated at the film temperature. While using the film temperature to evaluate the enthalpies
introduces some error, the errors tend to compensate for each other and the equation is still a good
approximation McQuiston, et al. (2000). Once again it is assumed that all of the moisture in the
air is due to evaporation at the film temperature. A third term in the moisture energy calculation
is included to account for the change in temperature of the water vapor from its dew point (the

film temperature) to the free stream temperature.

ioo = Cpair(Too = Trer)
+ W [(if,water) + ifg,water (3-8)

+ Cp,water (too - tfilm)]

Subtracting the enthalpy of the air at the film interface from the total potential enthalpy of the free
stream gives the total enthalpy transfer from the free stream to the film which produces equation

(3-9).

foo — ifilm = CP.°°(T°° - Tfilm) + (WOO - Wfilm)ifg,water
+ (WOO - Wfilm)if,water 3-9)

+ Weo Cp,water(Too - Tfilm)
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Solving for ¢, g (Too - Tf”m) in equation (3-9) and then substituting into equation (3-6) gives

the following equation.

Q . .
Z = ]‘Lm[(l00 - lfilm) - (Woo - Wfilm)lf,water
(3-10)

— Woo Cp,water (Too - Tfilm)]

The last two terms of equation (3-10) account for a very small percentage of total heat transfer
(approximately 0.5%) so they can be neglected to simplify the equation McQuiston, et al. (2000).
With this last assumption, the heat transfer can be approximated by difference in the enthalpy of
the free stream and the enthalpy of saturated air at the film temperature. This difference in
enthalpy is called the ‘enthalpy potential’.
Q o h oo

Z ~ hm(loo - lfilm) = C_(loo - lfilm) (3-11)

p,OO
The enthalpy of the free stream air and saturated air is not constant along the heat exchanger.
This leads to rewriting equation (3-11) in the form of equation (3-12) where Ai,; 045, 1S SOMe

mean enthalpy difference that produces the correct heat transfer rate for the heat exchanger.

Q = hmAAimean (3-12)

B. Log Mean Enthalpy Difference
Equation (3-12) is analogous to equation (8-4) so it is reasonable to assume that Ai,, .4, can be
shown to have a form similar to equation (8-26) where temperature variables are replaced with
enthalpy variables.
_ (AT, — ATy)

ATmean = IT (8-26)
n [A_Tl
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In order to follow a development that is similar to the LMTD method, we must have two
equations describing the heat transfer rate with one in terms of free stream enthalpies and another

in terms of saturated air enthalpies.
Defining the heat transfer rate in terms of free stream enthalpies yields the following equations:
Qn = Ch(ico; = ico) (3-13)
Cy, =my (3-14)

Defining the heat transfer rate in terms of saturated air enthalpies is more difficult because the
mass flow is a fictitious mass flow. The heat transfer rate using saturated air enthalpies can be
written as shown in equation (3-15). The variable m, is an artificial mass flow that allows

equation (3-15) to be true.
Qc = Cc(ifilm,o - ifilm,i) (3'15)
C. =m, (3-16)

The fictitious flow rate, 1m,, will be defined later in the derivation. Using equations (3-13) and
(3-15) and the same methodology for defining ATy, 04, Shown in Appendix B, Aiy,eqrn can be

defined as shown in equation (3-17).

(A —AY)
Almean = ln[T (3-17)
Al
For a parallel flow heat exchanger:
Ay =l — lfitm, (3-18)
Al = leo = lfitm,o (3-19)
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For a counter flow heat exchanger:
Ay =i = lritm,o (3-20)
Aiy =l — lfitm,i (3-21)

Using equations (3-12) and (3-17) through (3-21) define the Log Mean Enthalpy Difference
(LMED) method. This method is only valid when the hot fluid is air and water is condensing out
of the air stream. The air side restriction is due to fact that the Lewis number is assumed to be
unity. Since the LMED method, as presented in this section, accounts for the heat transfer
between the free stream air and the film surface, another method, such as the LMTD, is needed to
determine the heat transfer between the condensate film and the cold fluid. Then a condensate
film temperature would need to be determined that calculates the same heat transfer rate for the

LMED and LMTD methods.

C. Eff-NTU Wet
Equations (3-13) through (3-16) can be used to derive the Eff-NTU method. The effectiveness as
defined in equation (8-54) will be the same when using equations (3-13) through (3-16). The
difference will be the definition of C, and C},. Cj, is defined by equations (3-14). Now i, needs

to be defined so C, can be calculated.

Since the assumption is made that all of the heat is transferred from the air (hot fluid) to the cold
fluid and none is lost to the surroundings; the heat transfer rate for the cold fluid can be written

and then equated to equation (3-15).
Qc = 1cCpe(Teo = Tei) (3-22)
i (ifumo = tpim,i) = MeCpe(Teo = Tei) (3-23)
Rearranging equation (3-23) to solve for m, leads to the following equation.
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_ MeCp ¢
(ifitm,o = irim,i) (3-24)
(Tc,o - Tc,i)

Ty

One of the benefits with the Eff-NTU method is that it can be solved explicitly without iteration.
Only the inlet conditions are needed to solve for the heat transfer rate. With the definition of the
fictitious mass flow rate, we have introduced a term that will require either iteration or

(ifitmo—ifiim,i)

needs to be
(Tc,o_Tc,i)

simplification in order to solve for the heat transfer rate. The term

determined from the outlet conditions.

By assuming the thermal resistance between the outer film surface and the inner tube fluid is
negligible, if;;,, can be evaluated at the corresponding fluid temperature, T, based on coil
location. This is an assumption that Braun, et al (1989) made in their derivation of this same
method. While their derivation uses a different procedure, the results are the same as presented

here.

With equations (3-16) and (3-24), C, is defined so the Eff-NTU methodology can be used. One
of the major benefits of the Eff-NTU method is that no outlet conditions are needed for the
capacity calculation. With the wet coil case, C, is now a function of the outlet fluid temperature

and therefore the heat transfer rate must be solved for iteratively.

D. Threlkeld’s Fictitious Enthalpy
The LMED method accounts for thermal resistances between the condensate film and the free
stream air as compared to the previously described LMTD method that accounts for the thermal
resistances between the cold fluild and the free stream air. Threlkeld (1962) describes a method
that combines the LMED method and all thermal resistances of a heat exchanger into one set of
equations. To do this, he assumed that the enthalpy of saturated air can be approximated by a

linear function that is tangent to the saturation line at temperature, T.
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Isaturated air = @ + bT (3-25)

Figure 11 shows the saturated air enthalpy curve compared to the linear approximation based at
60°F. The approximation always results in a lower value than the actual value. Threlkeld
suggested that his approximation only be applied to a narrow temperature range of approximately
10°F. For this example, the linear approximation inside the 60 £5°F range has an error of less

than 1%. Once outside of this range, the error grows rapidly as shown in Figure 12
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Figure 11 - Saturated air enthalpy with linear approximation
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The temperature of the cold fluid must be related to an air enthalpy to apply the LMED method.

This leads to the definition of a “fictitious’ enthalpy.
i),‘ictitious =a+bT (3-26)

It is called a fictitious enthalpy because the terms a and b are evaluated at the temperature T
which is not an air temperature. The temperature may be a tube surface temperature, a fin

temperature, or some average temperature.
The heat transfer is given by the following equation.
Q = UAAi, (3-27)

The UA term includes interior and exterior convection coefficients, and it also includes correction
factors when using the airside enthalpies as the driving force for the heat transfer. In Threlkeld’s
application of the method, correction factors are the b term in equation (3-26) evaluated at the

appropriate temperature.
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Equation (3-27) is of the same format as equation (3-12) upon which the LMED method is based.

In this case the definition of Ai,, and UA will be different.

Threlkeld made the assumption that the thermal resistance of the tube wall is negligible. By that
assumption, T;; = T; , as defined in Figure 10. Since T;; = T}, the tube temperature will be

defined as T;.
The local heat transfer between the cold fluid and the tube is described in the following equation.
§Q = hdAi(T; = T.) (3-28)

Two fictitious air enthalpies are defined. One is evaluated at the tube temperature (T;) and the

other is evaluated at the cold fluid temperature (7).
l{- = at + tht (3'29)
ie =a; + b,T, (3-30)

Since T; — T, is usually rather small, the a and b terms in equations (3-29) and (3-30) are
approximately equal to each other (b, = b, and a. = a;) and b, will be used. Combining this
assumption and equations (3-28) through (3-30) leads to the following equation, that describes the
local heat transfer between the cold fluid and the tube in terms of air enthalpy.

hl dAt,i
bc

50 = (*224) G- (33

The enthalpy potential equation gives the heat transfer from the free stream air to the tube

condensate film as follows:

hdA, ,

6Qtube = < )(ioo - ij,‘ilm) (3-32)

Cp,c0
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The condensate film on the tube has the same heat transfer rate and is given by the following

equation.

. k
8uupe = dAeo (S*) (Trum = T2) (3-33)
w

Replacing the temperature terms in equation (3-33) with fictitious enthalpies to describe the heat

transfer as an enthalpy potential leads to:

. k i,'lm - af”m lé — Q¢
850 pe = dA (—W) < i - 3-34
Qtube t,o Y bfilm bt ( )

Again the assumption is made that the a and b terms in equation (3-34) are approximately
equation to each other (b, = by and agym = a;) and by, will be used.

. k
6Qtube = dAto < . ) (i}"ilm - lé) (3-35)
' Ybeilm

The following equation is produced by combining equations (3-32) and (3-35) into one equation

to describe the heat transfer from the free stream air to the tube surface.

8Qeupe = dAr, (i — i7) (3-36)

Cp,oo Ybeilm
nt Tk,

The same method can be applied to the heat transfer from the free stream air to the fin surface.

1

Cp,oo + Yw bF,film,mean
h Ky,

6inn = dAg (ioo - iI,?,film,mean) (3-37)
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Again the assumption is made that the a and b terms in equations (3-36) and (3-37) are
approximately equation to each other (bt fiim = br fiimmean @0d Qfitm = AF fitmmean) and

b fitmmean Will be used.
The total heat transfer is the sum of the heat transfer through the tube and the fin.
50 = 6Qtube + 6inn (3-38)

The following equation can be written by substituting equations (3-36) and (3-37) into equation

(3-38).
§Q = hodAr (i — i) + hodAr (i = if: fitmmean) (3-39)
Where,
hy = 1
o Cp,o0 ywa,film,mean (3-40)
+
hC,O kw

h;, is a heat transfer coefficient that accounts for the convection coefficient and conduction
through the water film. The variable is defined slightly differently from how Threlkeld defines it.

In this form it is easier to see that the b term is a result of the fictitious enthalpy assumption.

The introduction of fin efficiency allows the heat transfer through the tube and through the fin to
both be calculated in terms of the free stream enthalpy and the tube surface temperature which

then becomes a fictitious enthalpy. The fin efficiency is defined as,

loo — illf,film,mean (3_41)

¢fin,wet = p 7
i — If
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There are various methods for calculating the fin efficiency, which is a function of fin geometry
and operating conditions. The methods are not discussed in this paper. Substituting equation

(3-41) into equation (3-39) results in the following equation.
8Q = h:, (dAt,o + ¢fin,wetdAF)(ioo - l{“) (3'42)

In order to simplify the final form of the heat transfer rate equation, a new variable called surface

efficiency is defined as:

_ dAt,o + ¢fin,wetdAF _ At,o + ¢fin,wetAF

Dsurfacewet = dA,, + dAy A, + Ar (3-43)

Applying the surface efficiency to equation (3-42) leads to the following.
5Q = h:)(l)surface,wetdAo(ioo — i) (3-44)

Combining equations (3-44) and (3-31) in the form of equation (3-45) leads to the definition of

d[UA] as shown in equation (3-46).
§Q = d[UA](iw — i}) (3-45)

1
be 1 (3-46)
dAt,ihi hé ¢surface,wet dAo

d[UA] =

d[UA] is written with the brackets to show that the U and A are not separable in this definition.
For the U and A terms to be separated, the A term must be defined. A can be defined as any area
on the heat exchanger, as example, A, or A;;. The following equation shows how the U and A
terms can be separated once the area is defined as A,. This results in all areas being described as

a fraction of 4,,.
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d[UA] = Uy, - dAo = oo - -dA,
o~cC
dA. ;T

(3-47)

!
ho ¢surface,wet

The heat transfer is now defined as an enthalpy potential between the free stream air and the cold

fluid and includes all thermal resistances of the heat exchanger.

Equation (3-48) is of the form that leads to the LMED equations as described in previous

sections.
Q = UAAi,, (3-48)
Where,

1
b, 1 (3-49)
At,ihi hz)(psurface,wetAo

UA =

From previous derivations, Ai,, from equation (3-48) is defined for a counter flow heat exchanger

as,

— (ioo,l - ié,z) - (ioo,Z - ié,l)

In (ioo,1 - i£'2> (3-50)

- —
loo,2 — 1

Aiyy

An initial guess of the mean fin film temperature (¢z fiim mean) must be used to solve for the heat
transfer. This temperature varies throughout the coil surface so an average of the inlet and outlet
temperature must be used. If the temperature difference between the inlet and outlet is greater
than about 10°F then the coil should be separated into smaller heat exchangers and the
performance calculated individually. The following equation can then be used to see if the initial

guess is an appropriate value.
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Cp ool wPrinwet b, UA
i = gy — L2 OWTTIWEL (4 €7 ) (i g — i 3-51
F.film,mean ©,1 bF,film,meanhc,o hiAt,i ( 0,1 t,l) ( )

An average cold fluid temperature should be used to calculate the value of b.. An initial guess of
the average cold fluid temperature will have to be made and then verified it is valid. The
temperature difference should not be greater than about 10°F due to the limitation of the linear

approximation of the saturated air enthalpy.

Threlkeld noted that the term Y% / k in equation (3-40) is usually small so that a precise value of
w

the thickness of the water film is not necessary.

E. Modified LMED
In order to develop a more accurate LMED methodology, Xia, et al. (2009) developed a modified
LMED method. This modified method does not assume that Le?/3 = 1. By not making this
assumption, L. Xia is really changing the enthalpy potential derivation and not modifying the
LMED method. Equation (3-6) from the Enthalpy Potential derivation is where his modified

method starts to differ with the standard LMED derivation.

Xia & Jacobi (2005) assumes that the ratio of sensible heat transfer to latent heat transfer is
constant throughout the entire coil. He states that the local sensible heat transfer ratio does vary
throughout the coil but that this approximation deviated from their experimental results by only a

3%.

6Qsensible - Qsensible

- ~ = = constant (3-52)
6Qlatent Qlatent

Following the same methodology as presented in the Enthalpy Potential section and including the

assumption stated in equation (3-52), the following equation for the heat transfer is defined.
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hdA

80 = C—OLeadjustment(ioo - ifilm) (3'53)
p,OO
Where,
Le?/3 —1
Leadjustment =11- 0 ; (3-54)
sensible + Lez/s
Qlatent

If Le?/3 = 1 in equation (3-53) then equations (3-11) and (3-53) are the same. The term Le?/3 =

% = 1 will have to be substituted into equation (3-11) to get the two equations identical.
p,0lm

The Legqjustment term only gets applied to the air side convection coefficient to account for the

heat and mass transfer of the condensing air stream. Threlkeld’s LMED derivation can be applied

and results in the following equations.
Q = UAAi, (3-55)

Where,

UA =

b, Cp,oo (3-56)
At,i hi ¢surface,wetAo hc,o Leadjustment

Xia ignored the conduction resistances through the condensate film and tube walls.

The difficulty with this method is how to define the value of Le. Xia uses an equation given by

Pirompugd, et al. (2007).

Le?!/3=A-B-C-D (3-57)

A = 2.282N02393 (3-58)
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S (0.0239N+0.4332)

f
B = (_) 3-59
D, (3-59)
A\ (0:0321N+00747)
C= <—“> (3-60)
Agt
St P P
D= ReDo(—0.01833N—0.1094(D—0)—0.0026(D—[’))—0.03012(D—;)+0.0418) (3-61)

Where,

N = number of tube rows of an air cooling coil

S = fin spacing

D, = outside tube diameter

A, = total air side area

Ag ¢ = outside tube area

p; = longitudinal tube pitch

p: = transverse tube pitch

This equation is dependent on coil geometry and air properties and is derived from test data. So

the application of this equation is limited to the test data set and the tested coil geometry.
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4. DESCRIPTION OF THE MODELS

A. Introduction
In order to compare the relative accuracy and robustness of the models discussed in the previous
chapters, four representative models were developed. These models are based on the work on
Threlkeld (1962), ElImahdy & Mitalas (1977), Wang & Hihara (2003), and (Hill & Jeter, 1991) as

shown in

Table 3. The models were selected to assess the significance of key parameters, illustrate the

accuracy of the models, and illustrate the level of difficulty to implement the models.

Table 3 - Abridged version of Table 1 showing authors used for programming

Method Assumptions
Threlkeld 1962 | v v v v
Elmahdy 1977 | vV v v v
Hill 1991 v v
Wang 2003 v v v

The objective of the study is to compare each model to existing experimental data. This will

verify the implementation and provide a baseline for assessing model accuracy.
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A second objective is to evaluate parameters such as Lewis number and the use of a fictitious
enthalpy to see if the current assumptions are acceptable. The Lewis number is usually assumed
to be one, and several different fictitious enthalpy values are usually approximated by a single

value.

A third objective is to assess the potential limits of the models and range of applications. A
model that works well in a coil design software might not be acceptable in an annual energy

simulation program.

B. Model Inputs and Qutputs
The basic input parameters for all models shown in Figure 13. These parameters are used to
determine other model parameters. Equations for determining coil parameters such as fin surface
area, total air side surface area, tube inner surface area can be found in AHRI (2001). These are
in turn used in part to calculate the heat transfer resistances of the coil. The values for all of these

inputs are listed in Elmahdy’s experimental setup.

The outputs for the models are simply the leaving air conditions and the leaving water

temperatures.

Parameters like the fin efficiency, air convection coefficient, water convection coefficient are not
listed as inputs as they are calculated with values based on coil geometry and air and water

conditions.

44



Coil Geometry:
Tubes per row
Rows deep
Tube OD
Tube ID
Fin height
Fin length
Fin depth
Fin thickness
Fins per inch

Air-side Conditions:
Air mass flow
Entering dry bulb
Entering wet bulb

Water-side Conditions:
Water mass flow
Entering water

temperature

—

—
—

Coil

Model

Air-side Conditions:
Leaving dry bulb

Leaving wet bulb
Total capacity

Sensible capacity
Latent capacity

Water-side Conditions:

Leaving water
temperature

Total capacity

Figure 13 - Schematic showing basic inputs and outputs for coil models

The following table will correlate several authors’ nomenclature with the nomenclature given in

Figure 2 for reference. It also shows the implications of which resistances are used in the

calculations.

Table 4 - Nomenclature of select variables

Temperature Location Nomenclature
Author Free Condensate Outer Inner Cold
Stream Film Tube Tube Fluid
Air Surface | Surface

Kastl T Tfilm Tt,o Tt,i TC

Threlkeld t twm tp tr

Elmahdy t, ts tw
Wa ng Ta Tav f Tbo Tbl Tf in

Hill T, T; * * T,

*Not explicitly defined
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i.  Application of Methods
All of the models were coded for a finite difference application as described by Mirth &
Ramadhyani (1993). Since the coils used were four and eight rows deep and the circuiting is such
where every tube sees the same conditions for a given row, the overall coil can be described as a
counter flow heat exchanger. Figure 14 illustrates the application of the finite difference method
with the counter flow assumption to the cooling coil. Since the heat exchanger is assumed to be
counter flow, the details of the conditions inside the heat exchanger are lost. For example, the
condition of the air between the second and third rows cannot be determined. Only the outlet

conditions of the heat exchanger are calculated.

This application cannot account for any variation in the coil circuiting. This means that each tube
must have the same water flow rate and water entering temperature as all other tubes in the row.
Also, the air must be evenly distributed across the face of the coil so that each tube and fin has the

same air velocity. All of these requirements were met for Elmahdy’s experimental data.
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Water inlet

Air outlet

—_——

—_————
*

— ot

g

—_—_——— e — ——

*

*

|
Water outlet <_(‘ I
|
|
|
|
|

First segment

Air inlet ‘

Last segment

—_—_———— e ———

Water outlet

Air outlet

Figure 14 - Representation of finite difference application

The segment numbering is relative to the air flow direction so the first segment is at the air inlet
and the water outlet as shown in Figure 14. Starting at the first segment, the water temperatures
at the inlet and outlet of the segment are initially known. In order to apply the finite difference
approach to a counter flow heat exchanger, the leaving water temperature of the coil must first be

guessed as shown in Figure 15. Next, the first segment’s entering water temperature must be
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determined so that the first segment’s leaving water temperature to matches the initial guess. A
schematic of the coil segment’s known and unknown temperatures are shown in Figure 15. After
segment number one’s entering and leaving temperatures are known, they are passed to the next
segment and the process for the segment repeats. This continues on until the end of the heat
exchanger. Once at the end, the entering water temperature is then checked against the known
entering water temperature. If it does not match, a new guess of the leaving water temperature is

used and the process repeated. A flow diagram of this entire process is presented in Figure 16.

Unknown:

Leaving air conditions
(determined once entering
water temperature is known)

Known:
Entering air conditions

Coil
Segment
#1

Unknown: Unknown:
Leaving water temperature Entering water temperature
(must guess initially) (determine value that

results in matching leaving
water temperature guess)

Coil Coil Last Coil

Segment

Segment Segment
#1 #X

Figure 15 - Detail of segment #1 and #2 for solving multi-segment counter flow coil
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Coil entering water temperature (EWT) and
entering air conditions (EA) are specified

v

Guess a coil leaving water
temperature (LWT_guess)

v

Segment #=1 <

%

Set segment’s desired leaving water
temperature to LWT_guess

v

Set segment’s entering air conditions

to EA
\l/ Set current segment’s
Guess an entering water temperature |_ entering air conditions to
for the segment o~ the previous segment’s
\l/ leaving air conditions
N

Perform coil model ﬁ

Determine new value for
the segment’s entering
water temperature

Does the segment’s
leaving water
temperature equal the
desired value?

Set current segment’s
desired leaving water
temperature to previous
segment’s entering water
temperature

N

Move to next segment

Is this the last segment?

YES

Does the last segment’s
entering water
temperature equal EWT?

Determine new value
for LWT_guess

NO

Sum the heat transfer rates for each segment to
determine coil total coil heat transfer rates.

v

END

Figure 16 - Flow diagram for finite difference application
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To facilitate inter-model comparisons, certain parameters were standardized and may differ from
the one presented in the source papers for the model. The modified parameters include the air
side and water side convection coefficients, Lewis number, and fin efficiency. These parameters

are discussed in the following sections.

All models use the same air and water convection coefficient equations as described in Elmahdy

& Mitalas (1977).

ii.  Air Convection Coefficients

The air convection coefficient on a dry surface is given by the following equation.

.G-C .
p=19 Cpair (@-1)
pr/s

Where,

J =0.101 Re~ 0369 (4-2)

G = maximum air mass flux

The Reynolds and Prandtl numbers are evaluated at the air side conditions. The coefficients used
in (4-2) only apply to the coils used in the experiment. Elmahdy determined the coefficients after

the experiments where performed.
The convection coefficient on a wet surface is given by the following equation.

hwet = hdry C (4-3)

Where,

2

R R
€ =1425— 051 (—e) + 0263 ( ° (4-4)

1000 1000)

Again, the coefficients used in (4-4) only apply to the coils used in the experiment. Elmahdy

determined the coefficients after the experiments where performed.
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iil. Water Side Convection Coefficients

The water convection coefficient is given by the following equation.

h; D
Nu = 0.023 x Re®8pr04 = ‘k (4-5)
The Reynolds and Prandtl number are evaluated at the water side conditions.
iv.  Fin Efficiency
The fin efficiency equation is provided by McQuiston (1975).
tanh(M1)
fin = =371 (4-6)
Where
2 C-igg\]"
M= [— (1 + —”)] (4-7)
kt Cp
We — Wrig

T — Tfilm

When the coil is dry, C = 0

v.  Lewis Number
In the Threlkeld, EImahdy, and Wang models, the Lewis number is assumed to be unity since
these three models used the enthalpy potential as the basis for their models. In order to account
for a Lewis number not equal to unity, the Lewis number adjustment factor as described by Xia,
et al. (2009) is applied to these three works. Xia’s method adjusts the air side convection
coefficient to account for a Lewis number other than unity when using the LMED method. Since
this adjustment factor is a function of the sensible to latent heat transfer ratio it must first be

assumed and then checked once the heat transfer rates are calculated.

Hill’s model is not built on the enthalpy potential assumption and he does not assume a Lewis

number of unity. So no additional work is needed to account for a varying Lewis number.
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C. Model 1 — Threlkeld
Model 1 is based from the works of Threlkeld (1962). This is the first version of a model from
the literature that implements Threlkeld’s ‘fictitious enthalpy’. It is a LMED method that
converts all intermediate temperatures into an enthalpy via the fictitious enthalpy. The enthalpy

potential in this method is from the free stream air to the cold fluid.

Figure 17 and Figure 18 show the flow of logic for this Threlkeld method. This method begins by
evaluating the coil or segment as if it were wet. To evaluate a wet coil, there are several values
that must be first assumed with an initial guess and then checked for convergence. These values
include the Lewis number adjustment factor, the total heat transfer rate, and the mean film
temperature. The Lewis number adjustment factor must first be assumed because it is a function
of the sensible and latent heat transfer rates which are unknown initially. Next, the total heat
transfer rate must be assumed because the LMED method needs the input and output conditions
of the air and cold fluid. Since only the inlet air and water conditions are known, the outlet
conditions must be assumed. Finally, the initial mean film temperature must be assumed in order
to calculate the UA of the coil. The mean film temperature is used by Threlkeld to determine a
fictitious enthalpy that built into the UA term. After the UA term is evaluated, it is used to
determine the mean film temperature. If the initial guess and the calculated value are not within
the desired tolerance, a new guess is used until convergence is achieved. After the mean film
temperature is converged the total heat transfer rate is calculated with the UA and LMED terms.
Convergence is then checked between the calculated value and the initial guess. Again, if

convergence is not achieved then a new initial value is determined until convergence is achieved.

The final convergence check is the Lewis number adjustment factor. At this point the total heat
transfer rate is known and so are the sensible and latent heat transfer rates. The Lewis number
adjustment factor is then calculated with these heat transfer rates and compared with the initial

value. Again, if convergence is not achieved then a new initial value is determined until
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convergence is achieved. To determine the sensible heat transfer rate, the method provided in

AHRI (2001) is used.

Once these three loops are converged, the mean film temperature is compared to the entering air
dew point. If the mean film temperature is less than the entering air dew point, the coil is wet and
the calculated heat transfer rates are valid. If the mean film temperature is higher than the

entering air dew point, the coil is reevaluated as a dry coil.

The flow diagram is much simpler for a dry coil compared to a wet coil. Since the coil is dry,
there is no Lewis number to account for and there are no fictitious enthalpies. This means two of

the iteration loops in the wet coil are not present in the dry coil model.

To calculate the dry coil heat transfer rate, an initial guess of the heat transfer rate is determined
and used to calculate the leaving air and water conditions for the LMTD method. Then the UA
and LMTD are used to calculate the heat transfer rate. If the calculated value and the initial guess

are within tolerance then solution is final.

This method is not presented in a manner that facilitates programming. One of the major
drawbacks of this method is the determination of the mean film temperature. Having several
converging loops inside of each other is computationally intensive, especially if tolerances are

tight.
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Read coil inputs

v

Begin wet coil calculations

v

Initial guess for the Lewis number adjustment factor (LeAdj_guess).

/

Initial guess for total heat transfer rate (Q_guess)

v

Use total heat transfer rate to determine the outlet water and air conditions

\,

Initial guess for mean film temperature (MFT)

A4
Calculate UA

Calculate MFT using UA

Determine new
value for MFT

Does initial guess of MFT
equal calculated value?

NO

YES

4

Calculate heat transfer rate with the LMED (Q_LMED)

Does

Determine new value
for Q_guess

/4

Q_LMED = Q_guess?

NO

Determine sensible and latent heat transfer rates and Lewis
number adjustment factor (LeAdj)

Does

Determine new value
for LeAdj_guess

\

LeAdj_guess = LeAd;j?

NO

Is MFT > entering air
dew point?

Perform dry coil
calculations

END

Figure 17 - Flow diagram for Threlkeld's method (wet coil)
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Read coil inputs

v

Begin dry coil calculations

v

Initial guess for total heat transfer rate (Q_guess)

v

Use total heat transfer rate to determine the outlet water and air conditions

y
Calculate UA

Determine new value
\ for Q_guess
Calculate heat transfer rate with the LMTD (Q_LMTD)

Does
Q_LMTD = Q_guess?

NO

YES

END

Figure 18 - Flow diagram for Threlkeld's method (dry coil)

D. Model 2 — Elmahdy
Model 2 is based on the work of Elmahdy & Mitalas (1977). This method was presented for ease
of programming. The equations are may be hard to following while reading because there are
many intermediate variables that are defined that have no significant meaning but they

significantly aid in programming.

The flow diagrams for Elmahdy’s method are very similar to the diagrams for Threlkeld’s
method. The one difference is the evaluation of the mean film temperature. Elmahdy does not
have to determine this temperature prior to evaluating the wet coil UA. Elmahdy assumes that all
of the fictitious enthalpies essentially have the same ‘b’ and ‘a’ terms from equation (2-9), which

are evaluated at the water temperature. While Elmahdy does not explicitly describe which water
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temperature to use (entering, leaving, average), the average water temperature was used to

evaluate the ‘b’ term for the fictitious enthalpy. This resulted in less computational time

compared to the Threlkeld method as a result of not having an additional convergence loop.

Read coil inputs

v

Begin wet coil calculations

Initial guess for the Lewis number correction (LeAdj_guess).

\

Initial guess for total heat transfer rate (Q_guess)

v

Use total heat transfer rate to determine the outlet water and air conditions

v

Calculate UA

2

Calculate surface temperature using UA

v

Calculate heat transfer rate with the LMED (Q_LMED)

Does

Determine

new value

for Q_guess

Q_LMED = Q_guess? NO

YES

Determine sensible and latent heat transfer rates and Lewis
number correction (LeAdj)

Does

Determine new value
for LeAdj guess

LeAdj_guess = LeAd;j?

NO

Is surface temperature >
entering air dew point?

Perform dry coil
calculations

END

Figure 19 - Flow diagram for Elmahdy method (wet coil)
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Read coil inputs

v

Perform dry coil calculations

v

Initial guess for total heat transfer rate (Q_guess)

v

Use total heat transfer rate to determine the outlet water and air conditions

A
Calculate UA

Determine new value
for Q_guess

Calculate heat transfer rate with the LMTD (Q_LMTD)

Does
Q_LMTD = Q_guess?

NO

YES

END

Figure 20 - Flow diagram for Elmahdy method (dry coil)

E. Model 3 - Wang
Model 3 is based on the work of Wang & Hihara (2003). This method is unique in that is
converts a wet cooling coil to an equivalent capacity dry coil. The ease of this method is that
there are no fictitious enthalpies to determine. Wang’s method determines equivalent
temperatures that are then used in an Eff-NTU application. The temperature potential for the heat

transfer is between the equivalent entering air dry bulb and the water temperature.

The flow diagram for Wang’s method is shown in Figure 21. This method has a more direct path
than either of the previous two methods. The only major convergence loop is the Lewis number
adjustment factor. The Lewis number adjustment factor is introduced into this method since the
basis for Wang’s method is the enthalpy potential. First an initial guess of the Lewis number

adjustment factor must be determined. Then TD,, TD,3, and TD, are determined which are key
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dry bulb temperatures that determine the state of the coil. Next the entering air dry bulb is
compared to TD, and TD,. If the entering air dry bulb is less than TD, then the coil is completely
wet. The UA and heat transfer rates for a wet coil can be determined. If the entering air dry bulb
is greater than T D, then the coil is completely dry. The UA and heat transfer rates for a dry coil
can be determined. If neither is true then the coil is partially wet and the UA and heat transfer
rates can be determined with the given equations in the method. Since an Eff-NTU method is
used, outlet states do not have to be known to solve for the heat transfer rates. This makes this
method less iterative and quicker to solve. After the total heat transfer rate is determined, the
sensible heat transfer rate needs to be determined. This method provides an equation set to
determine the sensible load which differs from the one provided in AHRI (2001). Then the Lewis

number adjustment factor can be compared to the initial value and checked for convergence.
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Read coil inputs

v

Initial guess for the
Lewis number
adjustment factor
(LeAdj_guess).

A4

Calculate TD1 <

Calculate TD23

Calculate TD4

Is entering air dry bulb
(EADB) <= TD4?

Is EADB >=TD1?

NO

N

Use partially wet coil
equations to determine
heat transfer rates

Vv

Determine Lewis number
adjustment factor (LeAdj)

YES

Use wet coil equations
to determine heat
transfer rates

Use dry coil equations
to determine heat
transfer rates

Does
LeAdj_guess = LeAd;j?

END

Figure 21 - Flow diagram for Wang's method (dry and wet coil)

N

NO
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F. Model 4 — Hill
Model 4 is based on the work of Hill & Jeter (1991). This method does not use the enthalpy
potential and does not assume the Lewis number is unity. The method also does not use a
fictitious enthalpy, but does linearize the humidity ratio based on temperature, which is a similar
concept to fictitious enthalpy. The derived heat transfer equation takes a form that is similar to
the Eff-NTU equation and requires only the inlet states of the fluids to be known. This allows for

less computation time compared to the Threlkeld and Elmahdy’s methods.

The flow diagram for Hill’s method is shown in Figure 22. This method first assumes the coil is
wet like Threlkeld’s and Elmahdy’s methods. The first step is to assume an initial value for the
interface temperature, which is the key temperature to determine if the coil is truly wet. Next the
interface temperature is used to calculate the UA for a wet coil. The equations for the UA have
the Lewis number as an input so the Lewis number adjustment factor is not needed in the method.
Next, the UA is used to calculate the interface temperature. If the calculated value is not within
tolerance of the initial guess then a new initial value is determined until convergence is met.
After the interface temperature is determined, it is compared to the entering air dew point. If the
interface temperature is less than the entering air dew point, the coil is wet and the heat transfer
rates are calculated with the wet coil equations. If the interface temperature is greater than the
entering air dew point, the coil is dry. The heat transfer rates are calculated with the dry coil
equations. For a wet coil, Hill provides an equation set to determine the sensible heat transfer

rate which differs from the one provided in AHRI (2001).
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Read coil inputs

v

Perform wet coil calculations

\

Initial guess for interface temperature (IT)

y

Calculate UA

y

Calculate IT using UA

Determine new
value for IT

Does initial guess of IT
equal calculated value?

Is IT > entering air dew

int?
point? NO

Calculate UA for a dry coil

Use wet coil
equations to
determine heat
transfer rates

Use dry coil
equations to

determine heat
transfer rates

END

Figure 22 - Flow diagram for Hill's method (dry and wet coils)
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5. EVALUTION OF MODEL PERFORMANCE

A. Introduction
All four models are compared to known experimental data provided by Elmahdy & Mitalas
(1977) and Elmahdy (1975). The Elmahdy data consist of a four row and an eight row chilled
water coil. Each coil is operated at twelve different conditions that result in a combination of dry

and wet coils.

After the models have been compared to the experimental data, other operating conditions will be
examined with Intra-model comparisons to discuss any trends that appear in order to understand
more about the models. These will include the sensible/latent capacity split, the prediction of the
wet/dry interface and the impact of the Lewis model on predicted results. The Lewis number will
be varied through all four modes and the results will be compared to see if the Lewis number has

the same sensitivity to all models and if it does change the heat transfer rates.
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B. Experimental Data
Elmahdy data consists of twelve data points using a four row coil and twelve data points using an
eight row coil for total of twenty four data points. These coils were operated at a wide range of
operating conditions as summarized in Table 5. Water flow rates where adjusted to keep the
change in the water temperature from inlet to outlet to no more than about 10°F. The air flow
rates and entering temperatures varied to achieve both wet and dry coil surfaces. The total heat
transfer rate was calculated from measuring the air flow rate, air dry bulb temperature and air dew
point temperature. The uncertainty in the measured value is about =1%, while the heat balance

between the air side and water sides total heat transfer rates is an average £2%.

Table 5 - Elmahdy's experimental data used for model comparison

. . . . Entering Leaving Heat Transfer Rates
Test Coil [ Velocity | EnteringAir
Water Temp| Water (MBtu/hr)
Number | Rows | (fpm) -
DB (°F) [ WB (°F) (°F) Temp (°F) | Total | Sensible | Latent
1 4 312 96.1 66.9 47.1 49.9 52.9 52.9 0.0
2 4 177 81.2 60.9 47.2 49.4 23.2 23.2 0.0
3 4 482 77.6 60.2 47.2 49.6 46.0 46.0 0.0
4 4 605 71.5 57.6 47.2 49.4 43.0 43.0 0.0
5 4 367 95.9 77.9 47.3 55.0 78.7 48.1 30.6
6 4 544 85.9 73.6 47.2 54.6 77.1 47.5 29.6
7 4 667 76.6 69 47.2 53.8 68.1 38.0 30.1
8 4 818 88.2 75 47.2 56.2 93.6 64.3 29.3
9 4 857 96.9 79.7 47.2 58.1 114.3 84.2 30.1
10 4 736 74 67.5 47.2 53.6 62.9 35.1 27.8
11 4 603 86.8 74.4 47.3 55.2 82.4 51.3 31.1
12 4 584 75.4 68.9 47.2 53.5 63.0 33.3 29.7
13 8 310 77.5 60.6 47.0 49.2 39.5 39.5 0.0
14 8 475 77.2 60.3 46.9 50.1 56.5 56.5 0.0
15 8 618 82.4 61.7 46.7 52.0 82.9 82.9 0.0
16 8 381 93.6 66.1 46.7 51.5 74.1 74.1 0.0
17 8 250 97.7 75.9 47.3 51.9 84.3 50.3 34.0
18 8 286 93.1 77.4 46.8 53.4 102.5 50.8 51.7
19 8 470 78.7 69.5 46.8 53.2 100.3| 52.1 48.2
20 8 285 86.6 71 47.2 51.4 75.0 44.0 31.0
21 8 445 99 73.4 47.2 53.5 115.3 83.0 32.3
22 8 590 84.4 68 47.6 53.5 106.4| 75.0 31.4
23 8 675 70.1 62.3 47.2 51.7 79.8 50.0 29.8
24 8 819 84.7 68.2 47.3 54.4 127.6 96.3 31.3
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C. Model Performance: Total, Sensible, and Latent Capacities
In this section, predicted total, sensible and latent capacities are compared to experimental data

presented by Elmahdy & Mitalas (1977).

As shown in Figure 23, all four models calculate the total capacity is within -5% and +7% of the

experimental data with an average percent difference of .£1.9%.
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Figure 23 - Total capacity results from the four models

This is a good indicator that the methods have been programmed correctly but does not tell the
entire story. There may be some trends or weakness of a model that are not apparent in Figure

23.

Figure 24 shows the percent difference of total capacity for each data point and each method.
This figure is plotted to see if there is one model that consistently shows better or worse

performance than another.
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Figure 24 - Percent difference of total capacity from experimental data

As stated previously, Elmahdy’s average uncertainty of the experimental data is £2%. A good
portion of the data falls within this range. Experiment 13 and 14 are a couple of outliers for all
four models. For these two data points, all four models predict that the coil is very slightly wet
while Elmahdy’s experimental data states the coil is dry. The higher percent difference for these
two points is due to the latent capacity the models predict but is not present in the experimental

data.

One interesting point is to notice that Threlkeld’s results are consistently lower than Elmahdy’s.
Both of these methods are similar in the fact they use an LMED with some fictitious enthalpies so
it is expected that the results should be very similar. The first item to investigate is the fictitious
enthalpy assumption that is used between the two models. Threlkeld uses two fictitious
enthalpies in his model, one evaluated at the water temperature and the other evaluated at a mean
film temperature. Elmahdy on the other hand only uses one, which is evaluated at the water
temperature. To see if this is the cause of the difference, Threlkeld’s model was restructured to
use one fictitious enthalpy evaluated at the mean water temperature, similar to Elmahdy’s. With
this change, the total heat transfer rate increased 0.9% on average while the average difference
between Threlkeld’s and Elmahdy’s methods is about 2.1%. This does not make up the complete
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difference between the two models. After further investigation, it is believe to be the way the two
models are structured and how the intermediate values are calculated. Unlike Elmahdy’s method,
Threlkeld’s method is not presented with computer programming in mind, so it is up to the reader
to structure the equation set. The main difference between the two methods is Threlkeld’s
method has more iterative loops. The extra iterative loops could lead to a slow creep in the
solution. Since the calculations divided the coil into 50 segments, a small percent difference

could add up over the entire coil.

The results from Wang’s method are consistently within the £2% experimental uncertainty. Like
Threlkeld’s and Elmahdy’s methods, Wang’s method makes use of the enthalpy potential
assumption. Since Wang’s method moves the wet coil process line to an equivalent dry process

with the same enthalpy potential, there is no need for a fictitious enthalpy.

To check the validly of the assumption that the four row coil can be modeled as a counter flow
heat exchanger, the calculated heat transfer rates for the four row coil are compared to the
calculated heat transfer rates of the eight row coil. If the assumption is not valid, we would
expect to see a lower percent different on the eight row calculated values compared to the four
row calculated values. Figure 25 and Figure 26 show the percent difference values for the four

row and eight row coils respectively as is summarized in Table 6.

66



8.0%

6.0%

4.0%

+
+

2.0% +

0.0%

w OBX
* 1@
© [HO

I
o [ +

-2.0%

OX ' -

X| o KD +

X O®+
o 0
xX0o - +

X [D| ~H
X

-4.0%

(Calculated — Measured)/(Measured)

Percent Difference Between Measured
and Predicted Total Capacity

-6.0%
Experiment number

OThrelkeld +EIMahdy OWang XHill

Figure 25 - Percent difference of total capacity from experimental data, four row coil data only
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Figure 26 - Percent difference of total capacity from experimental data, eight row coil data only

Only Elmahdy’s method and Wang’s method show a noticeable reduction in error between the
four row and eight row coils. Elmahdy’s method goes from an average 1.1% percent difference
to 0.4% difference and Wang’s method goes from an average -1.9% to 0.5% difference. These
two methods may show that the counter flow assumption may be in question, but the other two

methods do not support that claim. Hill’s method has almost no change in percent difference
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between the four row and eight row data. Threlkeld’s method has a greater negative percent

difference when calculating the eight row coil verses the four.

Table 6 - Average percent difference for each model

4 row average % difference 8 row average % difference
Threlkeld -0.3% -1.9%
Elmahdy 1.1% 0.4%
Wang -1.9% 0.5%
Hill -1.8% -1.9%

Since all four models do not have consistent improvement of the error when comparing a four
row coil to an eight row coil, it can be said that the counter flow assumption is a valid

assumption.

For all four models, the sensible capacity is within -5.0% and +14.4% of the experimental data as

shown in Figure 27.
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Figure 27 - Sensible capacity results from the four models

All four methods use the total heat transfer rate or a value derived from it as an input to the
sensible heat transfer rate calculation. This means any error in the total heat transfer rate is
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propagated to the sensible heat transfer rate. Threlkeld’s and Elmahdy’s methods were
programed using the method described in AHRI (2001) for determining the sensible heat transfer
rate. This method determines an equivalent air side surface enthalpy that will produce the
determined heat transfer rate. Then an equivalent surface temperature is determined by the
saturated air temperature that produces the equivalent surface enthalpy. The equivalent surface
temperature and the entering air dry bulb temperature are used to determine the leaving air dry
bulb temperature. Wang’s method uses a linear approximation that he derives with his equivalent
temperatures. Hill’s method determines the leaving air dry bulb with an Eff-NTU like equation

he derived. With the leaving air enthalpy and temperature, the leaving air state is known.

Another factor that is affecting the sensible heat transfer rate is at what entering water
temperature the latent heat transfer begins. For some of the coils that are specified as a dry coil,
the models will predict that there is some latent heat transfer. This will cause the models to use
the wet coil equations and therefore assign part of the total heat transfer rate as latent and reduce
the sensible. This will compound the percent difference in the sensible heat transfer rate. For
these reasons, it is expected to see a higher sensible heat transfer rate percent difference when

compared to the total heat transfer rate percent difference.

Again there is no noticeable increase in accuracy of the models when calculating performance of

a four row coil versus an eight row coil as seen in Figure 28 and Figure 29.
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Figure 28 - Percent difference of sensible capacity from experimental data, four row coil data only
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Figure 29 - Percent difference of sensible capacity from experimental data, eight row coil data only

It is worth noting that the deviation of the eight row, wet coil runs have a lower deviation

compared to the four row wet coil runs. With an eight row coil, there is more surface for heat

transfer which increases the latent heat transfer rate for a cooling coil. It is a common practice

among HVAC manufactures to increase the number of coil rows in order to increase the latent

capacity of the coil. With most of the coil being wet (at least 80% of the segments as predicted
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by the models), the error introduced by determining the incorrect surface temperature for the

onset of latent heat removal is minimized.

For all four models the latent capacity is within -25.8% and +7.3% of the experimental data as

shown in Figure 30.
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Figure 30 - Latent capacity results from the four models

The higher percent difference of the latent heat transfer rate is a factor of several items. The
latent heat transfer rate is usually calculated as the difference between the total and sensible heat
transfer rates. So any error in those two heat transfer rates is present in the latent heat transfer
rate. The latent heat transfer is usually a smaller value than the sensible so any change in the
latent heat transfer rate is usually a higher percentage. For example, if the experimental values
for an experiment are as follows: total heat transfer rate of 10,000 Btu/hr, sensible heat transfer
rate of 8000 Btu/hr, and latent heat transfer rate of 2000 Btu/hr. If a model predicted heat transfer
rates of 10,000 Btu/hr total, 8400 Btu/hr sensible, and 1600 Btu/hr latent; the percent differences

would be 0% total, +5% sensible, and -20% latent.
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Another factor that can contribute to this percent difference is that each author has different
criteria for when latent heat transfer begins. Wang’s and Threlkeld’s methods use the mean fin
temperatures while Elmahdy’s method uses the fin base temperature. Hill’s method uses an

equivalent surface temperature to determine when the latent heat transfer occurs.

Figure 31 shows the latent capacity at different entering water temperatures for all four models.
Each model has a different entering water temperature at which the onset of latent heat transfer

occurs.
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Figure 31 - Latent heat transfer at varying entering water temperatures

Figure 31 was generated by taking the four row coil and holding the air side conditions
(temperatures and flow rate) and water flow rate constant while adjusting the entering water
temperature. Even though the models use different methods to determine the onset of latent heat

transfer, they are relatively close to each other, within +0.3°F.

D. Wet/Dry Discontinuity
One of the issues that may arise when using these coil models in a simulation environment is the
existence of a dry/wet discontinuity. This occurs when the model switches from a dry coil or

segment to a wet coil or segment. Figure 32 shows the discontinuity in the total heat transfer rate
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when using Threlkeld’s model in a slab (single segment) application. A single segment
application will have the greatest discontinuity since the coil is not subdivided into smaller

pieces.
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Figure 32 - Dry/wet discontinuity in Threlkeld's method as applied as a slab

This discontinuity occurs when the model’s key surface temperature is at the dew point of the
entering air temperature. When the entering water temperature is slightly above this point the coil
is dry and when it is slightly below the coil is wet. By applying Threlkeld’s method as a slab coil
(single segment), it assumes the entire coil is completely wet or completely dry. Of course the
coil really has a transition where part of the coil surface area is wet and part of it is dry. As a
result, the model is not unconditionally stable. For example, if the simulation needed to find an
entering water temperature where the total heat transfer rate of the coil is 43,500 Btu/hr, a

solution would not be found.

One way to minimize the effect of the discontinuity is specify very loose convergence tolerances.
In this case if the target heat transfer rate is 43,500 Btu/hr, the tolerances for convergence would
have to be about £750 Btu/hr or about 1.8%. A typical value for convergence is usually less than

1% so having a convergence tolerance of 1.8% is usually not acceptable. Both the size of the
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discontinuity and the minimum tolerance for convergence are dependent on model inputs such as

air side convection coefficients and thermal resistances.

A better way to minimize the effect of the discontinuity is to break the coil up into enough
segments so that the magnitude of the discontinuity is smaller than the convergence tolerance.
Figure 33 shows the discontinuity with changing segment sizes. The lines labeled ‘discontinuity’
show when the model is switching between a wet and dry segment. As the number of segments
increases, the magnitude of the discontinuity decreases and the location of the discontinuity

changes.

70000 -~
Discontinuity
65000

60000 - /
e 2N

55000

Total Heat Transfer Rate (Btu/hr)

50000 Y | X \
45000 W ;
o \
40000 N\
KX
35000 »
N\
30000 . . <> .
14.0 16.0 18.0 20.0 22.0 24.0

Change in Water Temperature (°F)

=== Single Segment W 2 Segments 3 Segments
® 4Segments == 50 Segments

Figure 33 - Dry/wet discontinuity shown for different number of coil segments

The best way to remove the discontinuity is to use a model that has a smooth transition from wet
to dry. This would require air side convection coefficients, fin efficiencies and thermal

resistances that smoothly transition from dry to wet correlations.
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E. Fictitious Enthalpy Assumption
When Threlkeld introduced the fictitious enthalpy, he somewhat arbitrarily stated that it can only
be applied to a temperature that does not vary more than 10°F. Figure 34 shows the error of the
fictitious enthalpy assumption when taken out of range. A coil was operated at constant
conditions except for the water flow rate. The water flow rate was varied to achieve a range of
leaving water temperatures in 0.5gpm increments. The entering air and water temperatures are
set to result in a completely wet coil for all water flow rates. The entering air is set at 80°F dry
bulb and 75°F wet bulb and the entering water temperature is set to 45°F. This set up was
performed 3 times with 1, 2, and 50 segments. The percent difference in total capacity is shown

in Figure 34 as compared to the 50 segment run.
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Figure 34 - Threlkeld’s model with various segment numbers with a 50 segment baseline

The single segment model under predicts the total heat transfer rate as compared to the 50
segment model. The total percent difference is less than 1% until a water temperature difference
of 10°F is present. The percent difference is less than 1.5% at a water temperature difference of
17°F which is nearly double the initial limit Threlkeld suggests. By dividing the coil into two
segments, each segment will only see a part of the total change in the water temperature, therefore

is within the range of application of the fictitious enthalpy.
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F. Effects of the Lewis Number
The Lewis number is usually assumed to be unity for convenience but ASHRAE (2009) cites the
value of 0.845 for air. Since the Lewis number is assumed to be unity to derive the enthalpy
potential, Threlkeld’s, Elmahdy’s, and Wang’s methods use the adjustment factor that is
presented by Xia, et al. (2009) to account for a Lewis number other than unity. To show the
effects of the Lewis number on the total and latent heat transfer rates, three different Lewis
numbers are used. The test conditions from the experimental data provided by Elmahdy are ran
with a Lewis number of 1, 0.845, and 1.155 with the Lewis number equal to unity being the base

case. The results for each model are shown below for each model.

The result of changing the Lewis number from unity to 0.845 is an increase of latent heat transfer
of about 2% on average and an increase of total heat transfer rate of about 0.9% for Threlkeld’s,

Elmahdy’s models.

For Wang’s model, the total heat transfer rate only increased about 0.5% and the latent heat
transfer rate increased about 0.6%. Wang’s model is less sensitive to the Lewis number
correction in part of the partially wet condition in the model. The Lewis number correction is
applied to this region of the model even if the model determines the region is mostly dry. If this
occurs, the Lewis number is applied to a dry coil segment when it should not be. Through the

iterations, the effect of the Lewis number correction is reduced.

The computation time saved by assuming a Lewis number of unity will be preferred over the
extra precision in the heat transfer rate values. These extra iterations took about 3 times as long

compared to assuming a Lewis number of unity.
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Figure 35 - Effects of Lewis number on total and latent heat transfer on Threlkeld’s model
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Figure 36 - Effects of Lewis number on total and latent heat transfer on Elmahdy’s model
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Figure 37 - Effects of Lewis number on total and latent heat transfer on Wang's model

Hill’s model has the Lewis number as an input since the enthalpy potential assumption was not
used. This leads to no extra Lewis number iterations as seen in the three other models. Figure 38
shows that the latent capacity is about 3% higher when using a Lewis number of 0.845 as
compared to unity. This is a significant increase compared to other three models but is still
relatively small. The effect of the Lewis number is higher in the model due to the fact that the
Lewis number is directly used to determine the sensible/latent heat transfer rate split of a coil
segment. The other models are built with the assumption of a Lewis number of unity then the
model is modified with an additional adjustment factor. This model requires no extra

computation time to evaluate a coil with a Lewis number not equal to unity.
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Figure 38 - Effects of Lewis number on total and latent heat transfer on Hill’s model

G. Summary
All four methods predicted the total heat transfer rate within £10% of the experimental results
with an average percent difference of £2%. For all of the different assumptions (fictitious
enthalpy, Lewis number, enthalpy potential) and methods (LMED, equivalent sensible process,
Eff-NTU, application of fictitious enthalpy) used, all of the results have a similar average percent
difference. Other consideration must be made when selecting a model to use, such as

computation time, ease of implementation, and available inputs.

The effort required to implement a variable Lewis number is large, and the resulting change in
results is relatively small, about 1%. Implementing Xia’s Lewis number adjustment factor to
Threlkeld’s, Elmahdy’s, and Wang’s methods increased the computation time by four fold. Of
course this all depends on how efficient the solver is and how good the initial guesses are. The
fact that the Lewis number correction factor depends on the ratio of the sensible to latent heat
transfer rates makes solving variable Lewis number in this way time consuming. The

computational cost to directly solve for a variable Lewis number is less since in this case the
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Lewis number is built into the equation set. The computation time is only increased by about

25%.

The biggest gain in model accuracy seems to be from using the finite difference approach. Any
assumptions that are used only apply over a small area so the introduction of error, if any, is very
small. As long as the assumptions are re-evaluated at each new segment, the assumptions can be

applied over a larger area.

80



6. SUMMARY AND CONCLUSIONS

A major contribution of this work has been to carefully synthesize and characterize the body of
literature. This thesis reviewed twenty four different works on the subject of dehumidifying coils.
These papers were characterized by which basic assumptions and methods that were used and a
detailed explanation of each assumption and method are provided. With an understanding of the
assumption and methods, this provides some insight to how each body of work is different and its

possible limitations.

Understanding the fundamentals of the dehumidifying coil models is important because there are
assumptions that are sometimes hidden in an author’s work which may be important to the reader.
Of the four models that were programmed, only two mentioned the Lewis number and its value.
Threlkeld (1962) stated it is assumed to be unity, Hill & Jeter (1991) stated he used a value of
0.854, and both Elmahdy & Mitalas (1977) and Wang & Hihara (2003) made no mention of what
valued is used. Elmahdy and Wang both used the enthalpy potential which has the assumption of
a Lewis number equal to unity built into it. Having all of these works summarized in one location

will aid in the future development of dehumidifying coils.
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Another contribution is to assess the importance of various models parameters and recommend
models for various applications. There are many dehumidifying coil models that have been
developed since Threlkeld first presented his. The more recent models have a tendency to rely on
computational power of personal computers to iteratively solve a system of equations. While
these models may produce a more accurate result, there are situations that call for a compact and
quick coil models. Comparison of the four selected models shows that even though they use
various assumptions and methods, all have about the same average percent error of about +2%.
Within a reasonable range the effect of the Lewis number on latent heat transfer rate was less than

3%. The effect of the fictitious enthalpy was found to be is less than 1.5%

Another contribution of this work has been to identify the limits of the models and the application
of the models. With certain combinations of models and applications, potential problems could
arise. Threlkeld’s model applied to a single segment application can produce a discontinuity at
the dry wet interface, which could make a simulation program unstable. A different application

of the model should be selected, such as ‘segment by segment’ or ‘finite difference’.

The next step in this work is to compare model performance against direct expansion evaporator
coils where the fluid in the coil tube is undergoing a phase change. The work would investigate if
the constant temperature of the two phase fluid increases the accuracy of the models. It would
also investigate if the coil models can accurately predict when the fluid changes from a two phase
fluid to a single phase. By accurately predicting when the phase change occurs, the coil model
would then be able to accurately predict the superheat state of the refrigerant. The superheat state

is an important parameter in designing packaged rooftop HVAC equipment.

Another future work would be to determine if a more detailed fin efficiency equation is
beneficial. A more detailed fin efficiency equation could be used to help bridge the dry wet

discontinuity but the computation time may be a limiting factor.
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Another step in this line of work would be to investigate if the models accurately calculate when
the onset of latent heat transfer occurs. An experiment would have to be performed where a coil
maintained constant air side conditions and the cold fluid temperature would be varied. The cold
fluid temperature would have to be such that no latent heat transfer would occur and then
incremented lower until the entire coil surface area is forming condensation. The cold fluid
would need to be incremented in small amounts, such as 0.1°F. This will allow for a detailed

determination of the onset of latent heat transfer.
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8. APPPENDICES

A. Appendix A — Variable Nomenclature

Variables

T Temperature

i Enthalpy

i’ Fictitious air enthalpy

h Air side heat transfer coefficient
hm Air side mass transfer coefficient
h; Cold fluid heat transfer coefficient
Le Lewis Number

Pr Prandtl Number

Nu Nusselt Number

Re Reynolds Number

k Conduction coefficient

Cp Specific heat

0 Heat transfer rate

A Surface area

w Humidity ratio

irg Enthalpy of evaporation

if Saturated liquid enthalpy

a Constant for linear approximation of fictitious enthalpy
b Slope for linear approximation of fictitious enthalpy
m Mass flow rate

brin Fin efficiency

Dsurrace Fin effectiveness

£ Effectiveness
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°F
Btu

lbm
Btu

lbm
Btu

hr ft2°F
b

hr ft2
b

hr ft2

Btu

hr ft°F
Btu

lbm °F
Btu

hr

ft?

Btu

lbm
Btu

lbm
Btu

lbm
Btu

lbm °F
lbm

hr




Subscripts
c
h
t
i

0
film
finbase
fintip
fin

F

(o]

water
vapor
db

wb
dewpoint
1

2

dry

wet

pw

s

equ

eq

Cold fluid
Hot fluid
Tube

Inner surface
Outer surface

Outer condensate film surface

Fin base

Fin tip

Fin

Fin

Free stream air
Liquid water
Water vapor
Dry bulb

Wet bulb

Dew point
Inlet

Outlet

Dry coil

Wet coil
Partiall wet coil
Saturated air
Equivalent
Equivalent
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B. Appendix B - LMTD Derivation
When determining the heat transfer rate between two constant temperatures, the heat transfer rate

can be calculated by the following equation.
Q = UA(T, — T.) (8-1)
Equation (8-1) as also be written as
Q = UAAT (8-2)

The value of U includes several different heat transfer coefficients such as conduction

coefficients of materials between the two temperatures and convection coefficients of any moving

fluids.

As we expand the use of equation (8-1) to heat exchangers as seen in Figure 9, it is realized that
the temperatures are not constant; therefore, equation (8-1) cannot be used in that particular form.
The differential form of equation (8-1) does hold true for this heat exchanger, which is given

below.
5Q = U(T, — T,)dA (8-3)

How T}, and T, change with respect to dA must be determined. If an appropriate mean
temperature difference could be calculated for the two fluids in the heat exchanger, equation (8-2)

could be used to determine the heat transfer rate of a heat exchanger.
Q = UAAT nean (8-4)

The heat transfer rate of the hot and cold fluids can be calculated knowing the entering and

leaving conditions.

For this example there are some assumptions made for the heat exchanger.
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e Each fluid is a liquid during its time in the heat exchanger
e The mass flow of each fluid is constant

e No heat is lost to the surroundings. All heat transferred is from the hot fluid to the cold
fluid.
e The specific heat of each fluid is constant.

The hot fluid heat transfer rate is defined as:

Qh = Ch(Th,l - Th,Z) (8-5)
where: Ch = MuCpn (8-6)
The cold fluid heat transfer rate is defined as:

Qc = Ce(Tez = Tea) (8-7)
where: Ce =MmeCp (8-9)

For a given heat exchanger, it is common to assume that there is no heat loss to the surroundings.
Any heat loss from the hot fluid must be a heat gain for the cold fluid. Since we are defining a
hot and cold side, the direction of heat transfer is known and the directional sign convention is not

needed. Therefore, all of the Q terms will be positive and equation (8-9) can be written.
Q = Qh = Qc (3-9)

Using a parallel flow heat exchanger, the equation for AT,;,.,, Will be derived.
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A

Figure 39 - Representative temperature distribution for a parallel flow heat exchanger

Figure 39 shows the temperature distribution in a parallel flow heat exchanger. This is useful to

see the temperature change of a fluid for a differential area of the heat exchanger.

Taking the differential of equation (8-5) and then solving for dT}, leads to the following

equations.

6Q = _Cthh (8-10)

56
29 _ o, (8-11)
_Ch

There is a negative sign introduced into equation (8-10) because the hot fluid temperature is

decreasing as dA goes from 0 to A, dT}, is negative, and we desire all Q terms to be positive.

Taking the differential of equation (8-7) and then solving for dT, leads to the following

equations.

5Q = C.dT, (8-12)
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— = dT, (8-13)
There is no negative sign in equation (8-13) as there is in equation (8-11) because the cold fluid is
increasing as dA goes from 0 to A, dT, is positive.

As mentioned earlier, equation (8-1) does not hold true to most heat exchangers because the

temperatures are not constant.

We now have equations that define §Qin terms of dT},, dT,, and dA, equations (8-11), (8-13), and

(8-3).

Taking the difference of equation (8-11) and (8-13) leads to the following.

dT, —dT, = d(T, — T.) = 5Q (—Lch) - (é) (8-14)

Substituting equation (8-3) into (8-14) gives.

1

d(T, = T.) = U(T, — T,)dA [(_ich) - (C—)] (8-15)

Simplifying equation (8-15) and moving all temperature references to the left side of the equals

sign gives

v (2)

Integrating equation (8-16) over the entire surface area of the heat exchanger leads to.

=Tl - ua(2) 4 (1) 1)

If we rearrange equations (8-5) and (8-7) to solve to C; and C,, the following equations are

produced.
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Q

Ch=
" (Th1 — Thz)

(8-18)

Q

C, = () (8-19)
c2 C1

Substituting equations (8-18) and (8-19) into equation (8-17) gives.

Ty, —T, T, 1 —T, T., —T
N I e ] 520
Th,l - Tc,l Q Q

Rearranging equation (8-20)

) [Th,z - Tc,z
n

—UA
Th,l _ Tc,l = Q (Th,l - Th,2 + Tc,2 - Tc,l) (8-21)

Define the following variables.
ATy =Ty, —T¢q (8-22)
ATZ - Th'z - TC,Z (8'23)

Substituting equations (8-22) and (8-23) into (8-21) and removing the negative sign leads to.

i [AL2] _ UA (AT, — AT) 8-24
n AT~ 0 2 1 (8-24)
Rearrange equation (8-24).
(AT, — ATy)
Q=0 - [ATZ] (8-25)
AT,

Comparing equation (8-2) to equation (8-25), AT,eqn can now be defined for a parallel flow heat

exchanger.
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(AT, — ATy)
Afmean = "R (8-26)
n [A_T1

Due to the form of equation (8-26), this methodology for calculating the performance of a heat

exchanger is called the Log Mean Temperature Difference (LMTD).

The same methodology can be applied to a counter flow heat exchanger. Taking the same heat
exchanger in Figure 9 and reversing the flow of the cold fluid produces counter flow exchanger,

see Figure 40.

Ty 1, mp

Figure 40 - Coaxial heat exchange with counter flow

Figure 41 shows the temperature distribution of a counter flow heat exchanger. The hot fluid
inlet is on the same side as the cold fluid outlet. This flow arrangement produces a more constant
temperature differential between the hot and cold fluids. For a given set of inlet and outlet
temperatures, the counter flow arrangement will produce a higher log mean temperature

difference.
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Figure 41 - Representative temperature distribution for a counter flow heat exchanger

The counter flow derivation starts with the same equations as the parallel flow derivation. Only
when the configuration of the heat exchanger is used to form the equation do some of the
equations differ. Equations (8-1) through (8-9) are valid for both derivations. Since the hot fluid
is flowing in the same direction compared to our area reference in Figure 41, equations (8-10) and

(8-11) are the same.

50 = —CpdT, (8-10)

5
Q@ _ar, (8-11)
_Ch

Taking the differential of equation (8-7) and then solving for dT, leads to the following

equations.

50 = —C.dT. (8-27)

= dT, (8-28)
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There is a negative sign introduced into equation (8-27) because the cold fluid temperature is

decreasing as dA goes from 0 to A, dT, is negative, and we desire all Q terms to be positive.

Taking the difference of equation (8-11) and (8-28) leads to the following.

dT, —dT, = d(T, — T.) = 8Q (_%l) - (—1Cc> (8-29)

Substituting equation (8-3) into (8-29) and reorganizing the equation produces the following.

% — yda [(_Lch) + (Cl)] (8-30)

Integrating equation (8-30) over the entire surface area of the heat exchanger and substituting in

equations (8-18) and (8-19) leads to.

T, — T, Th1—T T.,—T
ln[ e ] s [_ ( 1 - h,2> N ( 2 - )} 531)
Th,l — 12 Q Q

Define the following variables.

ATy =Ty —Tcp (8-32)
AT, = Ty = Teq (8-33)
Substituting equations (8-32) and (8-33) into (8-31) produces equation (8-24) again.

l AT, —UA(AT ATY) 8-24
nAT1 = Q 2 1 (8-24)

From equation (8-24) the definition of AT,;,.4, is produced. The equation for AT}, is the same
for a counter and parallel flow heat exchanger. AT; and AT, can be defined as the temperature

difference between the two fluids at the two sides of the heat exchanger. Depending on the
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configuration of the heat exchanger, this may be an outlet of one to the inlet or outlet of the other

fluid.

The trouble with the LMTD method is that the entering and leaving temperatures of each fluid
must be known. This leads to an iterative solution when trying to determine the performance of a
heat exchanger. Typically, determining the leaving fluid conditions is why a mathematical model
is built. At first glance, it looks like the LMTD method does not depend on the mass flow of
either fluid since an 1 term does not appear in equation (8-25). The mass flow of the fluid is

accounted for in the equation in the UA term.
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C. Appendix C — Eff-NTU Derivation
Another mathematical heat exchanger model can be derived that does not depend on leaving fluid
temperatures to calculate the heat transfer rate. This approach will compare the actual heat
transfer rate to the theoretical maximum. Defining the maximum heat transfer rate will require
only inlet conditions which will eliminate the need to iterate to find a solution. Again, this
derivation is included in most heat and mass transfer books Cengel & Ghajar (2010) but will be

included here to provide the necessary context for new model development.

The maximum heat transfer rate between the hot and cold fluids would be if the hot fluid cooled
down to the cold fluid inlet temperature or if the cold fluid heated up to the hot fluid inlet

temperature. With that being said we can write the following equation.

Qmax = C(Th,l - Tc,l) (83-34)
Where C is either Cy, or C,.

Once one of the fluids reaches the maximum temperature difference, there will be no more heat
transfer between the two fluids. The first fluid to reach this condition would be the one with the
smaller C value, which we will define as C,,;;,. Equation (8-34) can now be written as the

following.
Qmax = min(Th,l - Tc,l) (8-35)
where Cin = min(Cy, , C,) (8-36)

Since the actual heat transfer rate cannot exceed the maximum, it is fair to say it must be a portion

of the max. We can define a heat transfer rate effectiveness, &.

Q

Qmax

£= (8-37)
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If we substitute equations (8-5), (8-7), and (8-35) into equation (8-37) we can define different

forms of the heat transfer rate effectiveness.

_ Cu(Tha = Ta)

= (8-38)
Cmin (Th,l - Tc,l)
CA\T,, —T
&= c( c2 c,1) (8-39)
Cmin (Th,l - Tc,l)
To aid the derivation, we define a new variable C,., capacitance ratio.
C...
C, = —— (8-40)
Cmax
Where: Crmax = max(Cp ,C.) (8-41)

From this point on we will assume C,,;;, = C,. The derivation will hold true no matter which
value C,,;, is. With this assumption, equation (8-38) can be written in terms of temperature only.

(= Tho)

= 8-42
(s —Ton) (842)

Substituting equations (8-18) and (8-19) into (8-40) leads to C, being expressed in terms of

temperatures only.

Q
C. = [(Th'l — Thrz)] — (TC,Z - Tc,l)
' [ Q (Tha = Th,2)

(8-43)

(Tc,l - Tc,l)

This derivation starts at equation (8-17) as where everything before this step is identical between
this derivation and the LMTD method. This derivation will be different in the fact we will
remove all references of the outlet temperatures. This will give a different mathematical model

that will not require iteration to solve.
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Taking equation (8-17) and converting C,, and C, to Cpin, Cinax»> and C,. gives the following

equation.

Th 2 - TC 2] _UA
In|—= =| = 1+c) 8-44
[Th,l - Tc,l Cmin ’ ( )

Define the variable NTU, number of transfer units.

UA
NTU =

min

(8-45)

Now combining equation (8-45) into (8-44) and moving the In to the right side of the equation

gives;

Tho — T,
“h2 = Tc2 _ [-NTU(+Cy)] (8-46)

Th,l —lca

Tho-T, . . .
Now we can focus on the hZ—TCZ term to put the inlet temperatures in terms of other variables.
h1~1c1

If we add a Ty, ; and a —T}, ; term of the numerator of the left hand side of equation (8-46), we can

get the following equation.

Tho=Tcz Th2a—=Thy | Tha—Tcp

= 8-47
Tox—Tea  Tua—Te | Tng—Teq (47

Equation (8-47) can be simplified as follows:

Tho —Tcp Th1—Tco

Ny N s X S 8-48

Th,l —Ica Th,l —Ica ( )
Reorder equation (8-43) to solve for T, , gives:

Te, = Cy (Th,l - Th,Z) +Tcq (8-49)

Substituting (8-49) into (8-48) gives:
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Tho—Tcn Tp1 = [Cr(Tha — Thz) + Teal

=—&+ (8-50)
Tpy —Tca Tha—Tca
Reorganizing equation (8-50) gives:
Th,2 —Ic2 - _ Th,l —Ica _ Cr(Th,l - Th,z) (8-51)
Th,l —lc1 Th,l —lca Th,l —lca
Simplifying and substituting equation (8-42) into equation (8-51)
Tho— T
M2 O _et1-Ce (8-52)
Th,l —lca

Now we can combine equations (8-46) and (8-52) to get rid of the % term. The following
h1~fc1

equation is produced.
—£4+1—Cpe = e[NTUA+G)] (8-53)

Reordering to move ¢ to the left side produces the following equation.

1 — el-NTU+C)]
e = e1 — (8-54)
T

The effectiveness of a parallel flow heat exchanger, as defined in equation (8-54), is a function of
UA, Cpin, Cmax SO it can be calculated without knowing any outlet conditions. Due to the form

of equation (8-54), this methodology for calculating the performance of a heat exchanger is called

the Effectiveness-NTU (Eff-NTU) method.

A similar methodology can be applied for a counter flow heat exchanger. The form of equation

(8-54) will be slightly different but it will be a function of the same terms.
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D. Appendix D — Equivalent dry-bulb temperature method

Wang & Hihara (2003) introduced a method that takes a wet coil psychrometric process and

transforms it to an equivalent dry process. This method was developed to simplify the

calculations and distinguish three different cooling modes.

method is shown in Figure 42.

Enthalpy @ E =

A graphical representation of this

— 017

= 016

= 015

— 014

— 013

kS 8 =
\u//;;yT\\:><f/; T
I I

— 012

ST AT
T IS

BULE, P
75 4

FEU ND

\

W POINT, SATURATION JEMP - F
.

F MOISTURSIPER
L
@ T

/4

B

4 - GRA|
o,

=

-
S
L IS

Z
\‘ !
\Th

HUMIDITY RA

1

‘w‘l | HUMlmﬂd{_/’l

\F

|

.7
T

=
|

—on
ij 010

I 0s

3
|

[~ 008

3
|

I 007

006

— 005

4

[ 004
of 002
002

- 001

70
DRY BULB TEMPERATLRE - °F

85

Figure 42 - Representation of wet cooling coil process and equivalent dry process

Line Entering Air — Leaving Air is the actual dehumidifying process of the cooling coil and line

Eq EA — Eq LA is the equivalent dry process. The equivalent dry process is at a dew point less

than a critical dew point temperature that defines the transition between a dry coil and a wet coil.

The equation for the actual dehumidifying process can be described by the enthalpy potential

equation.

102

108

HUMIDITY RATIO - POUNDS OF MOISTURE PER POUND OF DRY AIR



 hA,
Q= C—(loo — lfiim) (8-55)
p,OO

The enthalpy difference in equation (8-55) can be described by using the specific heat of air and a
temperature difference. An equivalent entering air temperature must be determined to produce

the same capacity.
ioo = iritm = Cpoo(Tooeq — Tritm) (8-56)
Substituting equation (8-56) into equation (8-55) leads to the following.
Q = hA(Tweq — Tritm) (8-57)
There are four different cooling modes that are defined by this methodology.

Dry coil

Partially wet coil without net vapor condensate
Partially wet coil with net vapor condensate
Completely wet coil

el S

The next step is to find the key entering air dry bulb temperatures that define the transition

between different cooling modes.

A dry coil is occurs when the dew point temperature of the free stream air is less than or equal to

the outer tube surface temperature.

Tt,o = TOO,dewpoint (8-58)

A partially wet coil occurs when the dew point temperature of the free stream air is greater than

the outer tube surface temperature and less than the fin tip temperature.

Tfintip 2 TOO,dewpoint > Tt,o (8'59)

103



Since an average fin temperature will be used to determine the performance of the coil, there will
only be a calculated latent load when the average fin temperature is below the free stream air dew

point temperature.

Tfintip = Tw,dewpoint > Tfin,mean > Tt,o (8'60)

When the free stream air dew point temperature is less than or equal to the average fin

temperature, there is no calculated latent load.

Tfintip > Tfin,mean = Tm,dewpoint > Tt,o (8'61)

A completely wet coil occurs when the dew point temperature of the free stream air is greater

than the fin tip temperature.

TOO,dewpoint > Tfintip (8'62)
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Figure 43 - Critical temperatures for different cooling modes

For a given coil and entering air enthalpy, we can find the key entering air dry bulb temperatures

that define the transition between different cooling modes.

Define TD1 as a psychrometric point that has the enthalpy of the entering air and a dew point of
the tube outer surface temperature when the coil is dry. TD1 is the lowest entering air dry bulb

temperature that will produce a dry coil for a given coil, entering air enthalpy, and air flow.

TD1 can be determined by ratio of thermal resistances to ratio of temperature potentials.
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1
TDl - Tt,,o _ ¢surface,dryhdryAt
TD, — T, 1 L n@, /D) 1
¢surface,dryhdron 27Tktl't hiAt,i

(8-63)

Where T, is the dew point of TD;.

Since the air side convection coefficient changes when the coil is wet, there is a slightly different
value for the tube outer surface temperature and that defines the transition between a dry and

partially wet coil.

Define T as a psychrometric point that has the enthalpy of the entering air and a dew point of
the tube outer surface temperature when the coil is wet. T, is the dry bulb temperature for the

equivalent dry psychrometric process as described by Figure 42.

2, can be determined by ratio of thermal resistances to ratio of temperature potentials.

1
cfd - Tt,o _ ¢surface,wethwetAt
TE, — T, 1 L In( /D) 1
¢surface,wethwetAo znktLt hiAt,i

(8-64)

Where T; , is the dew point of T,

It appears that Wang assumes the conduction through the condensate on the film is negligible and
therefore excluded from the thermal resistance network. Wang does make the assumption that
the air side sensible heat transfer coefficients are the same for all cooling modes (dry, partially

wet, and wet).

To find the maximum equivalent dry bulb temperature to produce a completely wet coil, the
temperature at the fin tip must be determined. Wang states the following relationships can be

used to determine the fin tip temperature.
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ioo - i]Icl'Tltl'p _ 1 (8_65)
oo — g cosh(MH)

Where,
2
M — <2hWBtCW€t> (8_66)
kfindfin
by
Cuer = oo (8-67)
p,(XJ

H = equivalent fin height

Wang uses a wet fin efficiency that is not constant for a various wet coil conditions. The

methodology that Wang uses varies the wet fin efficiency with the mean fin temperature.

Once ig fine;p is determined, its saturated air temperature is the temperature of the fin tip. Then

TD4 can be defined as a psychrometric point that has the enthalpy of the entering air and a dew
point of the fin tip temperature. TD4 is the maximum dry bulb temperature that will result in a

completely wet coil with the given coil, entering air enthalpy, and air flow.

TS, ¢ can be determined by ratio of thermal resistances to ratio of temperature potentials for the

equivalent dry process.

1
aed B (fvf _ hyetAt
TS, — T, 1 Ln(D, /D;) , 1
¢surface,wethwetAt 27Tktl't hiAt,i

(8-68)

After TS, 7 has been determined, its value along with the dew point of T; , can be used to
determine the enthalpy at T, on the equivalent dry process line. The saturated air temperature

with the afore mentioned enthalpy is the mean fin temperature, Tfin mean-
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TD23 is defined as a psychrometric point that has the enthalpy of the entering air and a dew point

of the average fin temperature.
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Figure 44 - Relevant temperatures for EDT method
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Figure 45 - Four cooling modes of the EDT method

Wang presents the following capacity equations in a way that is used in a segment by segment
model which has some assumptions made that will be discussed later. In this section of the paper,
these capacity equations will be presented in a way where the equations can be used on the entire

coil.

€ represents the effectiveness calculated by the Eff-NTU method.

If T, = TD; (dry coil) then

1

1

Ln(D, / D; )

1

¢surface,dry hdryAt
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Q= Cming(Too - Tc) (8-70)
If Ty, < TD, (completely wet coil) then

1
1 In(Do /D) | 1 (8-71)
¢surface,wethwetAt antLt hiAt,i

UA =

Q = Crine(Ts = T¢) (8-72)

IfTD, < Ty < TD; (partially wet coil) then

1

va = 1 4 Ln(D, / D;) 1 (8-73)
¢surface,pwhpwetAt antl‘t hiAt,i

Q = Cnine(ATgwer) (8-74)

ATE, = (TD; — T,) + © ~ Dl(TD T,) 8-75

To calculate the partially wet surface efficiency [equation (3-43)], a slight change to the fin

efficiency equation is needed. The M term in equation (8-65) is now defined as.

2
M = <M> (8-76)
kfin6fin
Where,
Cwet -1
C. =1+—"——({TD; — T, -
pwee = 1+ 0" (T1Dy ~ Too) (8-77)

Now the total heat transfer is known but not the sensible heat ratio. Wang states that for the dry
coil and partially wet coil without net vapor condensate, the psychrometric process is a constant
humidity ratio process. Therefore the leaving air enthalpy and entering air humidity ratio can be

used to get the leaving air dry bulb.
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For the wet coil and partially wet coil with net vapor condensate, a linear approximation is used

to get the leaving air dry bulb temperature.

Too,l - Too,Z _ Too,l - Tavf
T;cu - Tofdz TDy3 — Tavf

(8-78)
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