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ABSTRACT

In this paper, firstly, an innovative numerical model (Fin1D-MB) for wet fins of a minichannel evaporator was
developed and verified. The proposed model is based on fin theory in conjunction with the moving boundary
(MB) technique between wet and dry portions along the fin height. Secondly, a comparative study between the
Fin1D-MB model and a comprehensive two-dimensional model (Fin2D-W) was implemented under different
dehumidifying conditions. The results showed a good agreement between the two models in predicting the fin
temperature profile.and dehumidifying condition. However, the Fin1D-MB model saved computational cost by
up to 95%, compared to the Fin2D-W model. Nevertheless, the relative deviations in the air-side heat transfer
rates should be taken into consideration, especially in the partially wet fin region. The main source of these
deviations is the assumption of uniform air temperature and humidity ratio along the fin height used by the

Fin1D-MB model.

KEYWORDS: wet fins, numerical modeling, minichannel evaporator, air-side analysis, heat and mass

transfer.
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NOMENCLATURE

NMTU
NTU

X, ¥, Z

surface area [m?]
parameter defined in Eq. 13 [Kgw kgga ]

cross-section area [m?]

slope of saturation curve

[K*]

McQuiston constant [K™]

constant defined in Eq. 2 [Kgw kgua]
specific heat for moist air [J kg™ K]
mass flux [kg m?s]

fin height [m]

latent heat of water condensation [J kg™]
thermal conductivity [W m™ K™]
distance between two wall cells [m]
Lewis number [-]

dry fin parameter defined in Eq. 1 [m™]
wet fin parameter defined in Eq. 2 [m™]
mass flow rate [kg s™]

number of cells [-]

numerical grid dimension [-]

number of mass transfer units -]
number of transfer units [-]

perimeter [m]

heat transfer rate [W]

relative humidity [%]

superheat [K]

temperature [°C]

modified temperature for moist air [°C]

overall heat transfer coefficient for wet
case [W m? K]

volume [m’]
humidity ratio [Kgw kgaa]
spatial coordinates [m]

Greek symbols

a sensible heat transfer coefficient
[Wm?2K?Y

ap mass transfer coefficient [kg m? s

Olet total heat transfer coefficient for wet case
[Wm?2K?Y

S parameter defined in Eq. 2 [K]

€ thermal effectiveness []

& parameter defined in-Eq. 22 [m]

& parameter defined in Eq. 23 [m]

0 temperature difference [K]

A thermal conductance [W K]

v parameter defined in Eq. 2 [K]

o humidity ratio difference [kgw kg ']

Subscripts

a air or air cell index

c centroid of tube wall cell

cond conduction

dp dew point

f fin or fin cell index

B fin base

fp fin portion index

fT fin tip

k direction index

It lower tube

r refrigerant cell index

S surface of tube wall cell

sat saturated

seg tube segment

sens sensible

t tube or tube wall cell index

ut upper tube

W, E, directions of neighbor tube wall cell [-]
S, N

Superscripts
in inlet
out outlet



1. INTRODUCTION

Minichannel heat exchangers show great advantages over traditional fin-and-tube heat exchangers in
compactness, effectiveness, and lower refrigerant charge, etc. Due to these advantages, traditional heat
exchangers are now being replaced by the minichannel type in many air-conditioning and refrigeration

applications.

When the minichannel heat exchanger is employed as an evaporator, some challenges emerge in the air-side
such as the drainage of condensed water and frost formation. These challenges motivate the efforts to continue
working in modeling of the simultaneous cooling and dehumidification process, even though considering the
real phenomena in detail is really complicated for a robust and effective numerical model for minichannel

evaporators.

Many minichannel evaporator models are available in the literature [1-5]. Most of these assume an adiabatic-
fin-tip at half the height (ho accounting for tube-to-tube heat conduction) and uniform air properties along the
fin height, and do not allow for partial dehumidification scenarios. These widely used modeling assumptions

simplify the solution, but they result in less freedom to describe the actual processes.

Ren et al. [6] adopted an approximate analytical solution for their model that described the three-dimensional
heat conductions via fins to allow for-heat conduction between the minichannel evaporator tubes. They
concluded that this approach significantly reduces computation time compared with the finite volume method
and satisfactorily predicts-heat conduction via the fins in minichannel heat exchangers. Their model does not
allow for partial-dehumidification scenarios. Furthermore, their validation process was conducted against a fully

dry evaporator without dehumidification.

Huang et al. [7] proposed an air-to-fin heat and mass transfer minichannel evaporator model. This model
accounts for variable geometry minichannel heat exchangers, partial dehumidification conditions, and tube-to-
tube heat conduction. Their results showed that the average absolute capacity deviation between the predicted
and measured values was approximately 3% for evaporators. Their model adopts the McQuiston’s constant C =
(Waats-Wa)/(Tis-Ta) [8]. This approach simplifies the solution of the fin differential equation, but does not
represent the actual physical behavior of the saturated humidity ratio on the psychrometric chart, as explained in

[9-11].

Hassan et al. [12, 13] developed a comprehensive two-dimensional numerical model for the air-side analysis of

minichannel evaporators, referred to as Fin2D-W, which operate under wet conditions. This model is based on



the Fin2D model of Martinez-Ballester et al. [14], which divides the whole heat exchanger into number of
segments along the refrigerant flow direction. Each segment is subdivided furthermore into different wall and
fluid cells, to which the energy and mass balances are applied. The Fin2D-W model takes into account the 2D
heat conduction in any wall element (either fin or tube), does not apply the analytical 1D fin solution, captures a
detailed representation of air properties in both longitudinal and transverse directions, and finally allows for
partial dehumidification scenarios. These authors compared the numerical results of the Fin2D-W model with
the classical e-NTU approach to assess the impact of the main classical modeling assumptions on the air-side
performance of minichannel evaporators under different dehumidifying conditions and values of superheat.
Three cases, which represent different inlet air conditions to the evaporator, and a range of tube temperatures
were selected to capture different dehumidifying scenarios for the tube and fin.“The main conclusions of their

studies were as follows:

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

o If there is no dehumidification (dry fin), the main source of the deviations in results between the Fin2D-W

and e-NTU models is the assumption of uniform air temperature along the fin height.

o When dehumidification takes place, identifying the actual dehumidifying condition of the fin (totally or
partially wet condition) has a more significant effect on the total heat transfer rate than the assumption of
uniform air temperature and humidity ratio in the direction between tubes. In the partially wet fin region,

the deviations in total heat transfer rate between the two models were up to 52% [13].

e The e-NTU model is not able to capture the precise dehumidifying condition of the fin, compared with the
Fin2D-W model. It only considers three fin conditions, 0%, 50%, and 100% dry fin. This is because of the
discontinuity in the fin temperature profile, which is a consequence of adapting the adiabatic-fin-tip
assumption. Besides this assumption, the high fin efficiency which usually exists in minichannel heat
exchangers makes the estimation of the dehumidifying condition for the fin very sensitive to the tube
temperature. This situation becomes more important in the presence of a temperature difference between

adjacent tubes.

Based on the previous discussion, the first objective of the current work is to develop and verify a simpler
numerical model, which is referred to as Fin1D-MB, compared to the Fin2D-W model. The proposed model is
able to retain the most important heat and mass transfer phenomena as the Fin2D-W model does, but with a

much lower computational cost like the e-NTU approach. The second objective is to compare the air-side heat



transfer results of the Fin1D-MB model with the Fin2D-W model in order to evaluate the sources of deviations

between them.

2. FIN1D-MB MODEL DEVELOPMENT
The present model is based on the Fin2D-W model proposed by Hassan et al. [12, 13]. However, some new
assumptions and techniques are considered, in order to reduce the complexity of the discretization scheme that

subsequently results to less computation time. These can be summarized next:

e The studies of Martinez-Ballester et al. [14] and Asinari et al. [15] on minichannel condensers revealed
that the transverse heat conduction (THC) in the fin along the air flow direction has a negligible effect on
the predicted performance results. Moreover, several current fin surfaces have cuts in this direction (e.g.
louvers, slits, etc.) which cancel the effect of THC. In the present model this effect is cancelled, which

means no thermal connections between neighboring fin cellsalong the air flow direction.

e The main disadvantage of the Fin2D-W model is that it requires a detailed 2D discretization of the fin and
air flow, which needs a long computation time, in order to obtain accurate temperature and humidity ratio
profiles. This is the consequence of not-applying the fin theory. In order to solve this issue in the current
model, the fundamental fin theory (Egs. 1 and 2) is adopted to obtain a one-dimensional temperature
profile along the fin height. Accordingly, the fin is physically discretized in the direction of the air flow
only.

o For totally dry fin (Bergman et al. [16], ch. 3, pp. 158-161):
2

: ¢ d<e,
Differential form: . af _ngayf =0, (TfB and T 2po) (1a)
y
General solution: 6, ¢ (y) =Cie™ +C,e™™ (1b)

P: -
where m= |72 ang Ont =Ta—Ts.
Ke - At

o For totally wet fin [10]:

2

. . d<o,
Differential form: - 2L _M26, { =M?y, (Tie <Trr <Tgp) (2a)
y
General solution: 6 ¢ (y) = Cee™ +Cle™ (2b)



h W, -W,
where M =m fﬁhﬁbf , ﬂ:C fg b, = sat, fT sat, 8 . PCy

omale?®’ T =T 1+ pog
and Co =W, —Wage, 1 — (b5 Trg ) |~ Ta.
Egs. 1b and 2b are the general solutions for the differential dry and wet fin equations (Egs. la and 2a),
respectively. These general solutions have to be coupled to get an expression which is capable of
representing a continuous temperature profile for the whole fin under any dehumidifying condition.
However, to identify whether the fin portion is dry or wet besides its size, a further discretization in the
longitudinal direction is required according to the dehumidifying condition of the fin. It should be noted
that Egs. 1b and 2b do not imply the classical adiabatic-fin-tip assumption (in-the cross-section at half the
fin height), since boundary conditions have not yet been applied. An evaluation of the boundary conditions

and constants C,, C,, Cs, and C, is given in Sub-subsection (2.2.2).

e Hassan et al. [12] and Martinez-Ballester et al. [14] concluded that the air temperature and humidity ratio
profiles are quite flat along the direction between the tubes, excepting the air close to the tubes, which has
obvious temperature and humidity ratio gradients. The portion of the fin which is occupied by the air close
to the tubes is very small compared with the rest, approximately 1/30 of the fin height. However,
Martinez-Ballester et al. [17] developed a Fin1Dx3 model which takes into account this temperature
gradient. Their model discretizes the fin into three pieces along the fin height, besides the discretization in
the air flow direction. The fin pieces near the tubes always have the same height, which is referred to as
“fin height ratio”. This ratio is fixed and can be adjusted according to the fin geometry and operating
conditions. However, this discretization scheme is incompatible with the proposed Fin1D-MB model. The
Fin2D-W results revealed that the misprediction of the correct fin dehumidifying condition (totally dry,
totally wet, or partially wet) predominates the air-side heat transfer deviations more than the assumption of
uniform air temperature and humidity ratio between tubes. Furthermore, Martinez-Ballester et al. [18]
implemented a comparative study between a detailed 2D gas cooler model and a simpler 1D model. In
their 1D model, as in the current FinlD-MB model, the fins were discretized only in the air flow direction
and a uniform air temperature profile was assumed along the fin height. They found that the total deviation
between the two models only reached a maximum of 2%. Accordingly, in the current work the effect of
non-mixed air between tubes is neglected, and the fin is virtually discretized in the longitudinal direction

according to the dehumidifying condition of the fin, as mentioned in the previous point.

2.1 Evaporator Discretization



Each evaporator tube is discretized along the x-direction (refrigerant flow direction) to N4 Segments, as shown

in Fig. la.

(a)

Tube segments: Ny

grid {Ngeg, N; 2o Ny, N} =
{2,4,2 2}

Moist Air (b) One segment
N

Tube cells: N,

A
k)z Lower tube
X

Fig. 1 — (a) Discretization of evaporator tubes into segments. (b) Schematic representation of a segment
discretization into cells.

Each segment (Fig. 1b) consists of: a refrigerant flow that is split into N,, channels in the z-direction (air flow
direction); upper and lower flat tubes which are discretized into N;, cells in the z-direction; air flow and fins
which are discretized into the same number of cells in the z-direction, where N,,=N¢,. Also, to obtain a more
consistent solution, N, is always assumed to be equal to N, in the current work. The discretization for an
evaporator is summarized in the following as a grid: {Nsg Nz, Niz, Na}. For illustration of the nomenclature,

the numerical example shown in Fig. 1 corresponds to a grid: {2, 4, 2, 2}.

2.2 Governing Equations

Every fluid cell (either refrigerant or air) has two nodes, which correspond to the inlet and outlet sections in the
fluid flow direction. The tube wall cells have only one node located in the centroid of the cell, as shown in Fig.
1b. It can be seen that the fin does not have any nodes because a continuous function governs in this case. The
same assumptions which were used in the development of Fin2D-W model ([13], Section 2) have also been
applied in the current model. However, as mentioned earlier, the main difference between the two models is that

the Fin1D-MB model assumes uniform air properties along the fin height, unlike the Fin2D-W model.



The analysis of refrigerant-side for the current model was already done by Martinez-Ballester et al. [17], so this
paper only focuses on the air-side analysis of minichannel evaporators. As the current work only focuses on the
thermal performance, the pressure losses are assumed to be zero. Under this situation, the governing equations

can be expressed as follows.

2.2.1 Tube wall analysis

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

(kt VTct)dv"'Z:Uwetat( at ™ ct)dAat"‘z dQcondf| (3)

a=1

fin root

It is important to mention that a linearization scheme, which was proposed by Elmahdy and Biggs [9], is used in
Eqg. 3 to relate the saturated air humidity ratio Wsy  to its corresponding surface tube wall temperature Ts;, where

Wsat,s,t:aa,t+ba,t'Ts,t-
T, is the temperature evaluated at the centroid of the tube wall cell t. Additionally,

is the overall heat transfer coefficient for the wet case, which
Uet at =1/ [(]/ awet,a,t)+(tt / 2k )] considers the total convection and conduction (within a half thickness
of the tube wall cell) heat resistances;

is the total heat transfer coefficient for wet case, which considers the
Oyetat = Aat <l+ ﬂba,t) sensible and latent convection heat transfer, if there is no
dehumidification then ouet o= oa;

4 is the slope of saturation curve, which is evaluated between the dew
b = (W ~Weat,s ¢ )/(po Ts't) point of surrounding air and tube surface temperature; and

T, +:B[Wa _(V\/W’S’t —b, (Tey )J is the modified temperature for moist air, if there is no

*

s 1+ pb, dehumidification then To ¢ = T,.

The first term in Eqg. 3 represents the 2D heat conduction between the current tube wall cell and neighboring
tube wall cells in x-z plane. The second terms represents the total heat transfer between the current tube wall cell
and adjacent moist air cells. While, the last term represents the total heat conducted from/to the fin cells in

contact with the tube.

2.2.2 Fin analysis
The physical discretization of the fin is 1D (along the air flow direction). However, to capture the actual fin
condition, it has to be virtually discretized into three portions (fp1, fp2, and fp3) along its height (y-direction), as

it can be seen in Fig. 2a. Each section has its independent local coordinates and temperature function. The lower



(fpl) and upper (fp3) portions are always assumed to be fully wet, while the middle one (fp2) is always assumed

to be fully dry.

(a) (b)

| : | Upper T
. Tfp3(yfp3) tube
fp3

Yd Totally wet €2

= Air flow(T,, W.,)

Yip2 S ?}:)2Y | E_
TQ@U\ ' E_ / T ~
Te02Vio2) | > x
Yol o |
T Totally wet 61
>
Tio1 (Vip1) Lower
y - tube

2

Fig. 2 — (a) y-z plane, which shows the virtual discretization of the fin in y-direction and boundaries
between wet and dry portions, {; and &,. (b) y-x plane, which shows the location of T and Ty

The area of each portionis specified according to ¢; (measured from the fin base) and £ (measured from the fin
tip) which represent the boundaries between the wet and dry portions. These boundaries are movable from one
fin cell to another according to T, Trs, and Tg,. Consequently, the fin could be totally wet ({1=H; and (;=0),
totally dry (&1=¢=0), or partially wet (H;> {3, >0). This is the reason for the model’s name: “Fin1D” because it
applies a one-dimensional equation for each fin/air connection and “MB” because it adopts the moving

boundary technique to identify the wet and dry portions of the fin.

Therefore, each fin cell has a composed governing equation (Eg. 4) which consists of three sub-functions that

present a continuous temperature profile for the entire fin under any dehumidifying condition.

M. M.
Oa ip1(Vp1) =Cee oL Cre " VP 0<VYp1 =&
Oa, t (¥) a2 (Yp2) = Cae" P2 1 Cpe 0<ymy <H{ —(&1+¢3) (4)
M- M.
Oa fp3(Yip3) = Cse 3 Cee Py 0<V¥p3=<¢>



where Hg is the total fin height. The unknown constants from C, to Cs must be evaluated from the boundary
conditions of the heat transfer problem along the fin height. Therefore, the conditions required to evaluate these

constants are:

Ha,fpl(yfpl = O) = ea, B :Ta _Tva
t9a,fp1(yfp1 =¢1) = Oa fp2 (yfpz =0),
dea,fpl _ dea,pr
d d '
Vo1 Yip1=¢1 Yip2 Yip2=0
B.C. ea,fp3(yfp3 = 0) = ga,fT :Ta _TfT ) (5)
O fp2 ( Y2 =H¢ —(&1+ & )) =0 tp3(Vip3 = ¢2), and
déo déo
- a,fp2 __ - a,fp3 . Where
Yip2 Yip2=H 1 ~($1+¢2) Vo3 Yip3=$2
the negative sign in the right-hand-side comes from the opposite directions of yz,, and yg,s.

Eqg. 4 and its boundary conditions (Eq. 5) assume uniform air temperature and humidity ratio along y-direction
within the air cell in contact with the evaluated fin cell. So, T,and W, represent the integrated mean values for

air temperature and humidity ratio within the cell, respectively. The locations of T and Terare illustrated in Fig.

2b. In this way, it is possible to solve analytically Eq. 4 to know the fin temperature profile T; as follows:

_ T
Tfpl(Yfpl) =Ty — Ha,fpl(yfpl) a

= Tis
Ty (y)= Tfp2 (Yfpz) = Ta P ea,fpz (Yfpz) = [A( yfplv yfp2a yfp3 )] ’ T (6)
= 7
Tip3(Yipg) = Ta = 0a o3 (Yip3) | 7

A(Yrp1.Yi2 Yips) 1S @ 3%4 matrix that depends on the local coordinates, fin geometry, dry fin parameter m, wet fin

parameter M, 3, and .

2.2.3 Moist air analysis
Eqg. 7 shows the heat balance within an air cell a in contact with a fin cell f, which is discretized into three

portions (fp=1—3), and n tube wall cells (t=1—ny).

Ny
ma 'Cp,ma 'dTa = _dQsens,a,f _Zaa,t (Ta _Ts,t )dAa,t (7)
t=1

Qsensaf 1S the sensible heat transferred to the adjacent fin cell f, which can be expressed as:

10



3
dQsens,a,f = z Xafp 'ea,fp 'dZdyfp (8)
fp=1

The mass balance within any air cell is

n
My - dW, = _dmwater,a,f - ZaDa,t (Wa _Wsat,s,t) dAa't ©
t=1

Muater a ¢ 1S the mass flow rate of condensed water to the adjacent fin cell f, which is calculated as:

3
dMyater,a, f = z D, ¢, " Pafp 'dZdyfp (10)
fp=1
where
a, is the mass transfer coefficient for air-side which based on Chilton-Colburn
ap=——>3 analogy (Kuehn et al. [19], ch. 11, pp. 309-311); and
Le™-Cp ma

@ o =W. W T is the humidity re}ti_o d_ifferenpe between the surrounding air and saturated air
a,fp a  "Vsatfp { (Y fp)} evaluated at specific fin portion temperature.

In Eqg. 9 the air cell can only exchange the mass with the tube wall cells and fin portions whose temperatures are
below the dew point of the air (dehumidification process exists). If any of these is above or equal to the dew

point of air, it is not considered by the mass balance.

2.3 Numerical Scheme

The finite volume method is applied to discretize the governing equations described in the previous subsection.
However, it is necessary to assume temperature and humidity ratio profiles for the moist air in order to obtain
the estimation of the integral of the heat and mass transfer between the air and corresponding piece of wall (Eq.
3) in the fluid flow direction. This integration must be consistent with the integration of the coincident terms in
Egs. 7 and 9. Accordingly, the linear fluid temperature variation (LFTV) scheme was employed, as Corberan et
al. [20] suggested for this type of applications. After discretizing the Laplacian term in Eq. 3 using the classical

finite difference approach, besides applying the LFTV scheme; Eq. 3 can be now expressed as follows:

11
fin root (11)

ﬂa . nf
ﬂt 'Tc,t - Z A’[—k 'Tc,k = Zuwet,a,t (Ta,t _Tc,t)Pa,t 'Aza,t + ZQcond,f ‘
k=W,E,S,N a=1 f=1

where

11



out
+ Ta,t

_kAw e = KiA-g  Ais= ktAFS, oy = KeA-n andi= Y A

at =, W=
2 Sh_w Sk Sli_s Sy K=W.ES.N

All A, terms refer to the conductance between the current tube wall cell t and the adjacent tube wall cell in the
k-direction. The directions reference used in the current model is shown in Fig. 1b.

To obtain the outgoing temperature and humidity ratio of the air, Egs. 7 and 9 have to be solved; however, the

integration of Egs. 8 and 10 must be done previously. The total sensible heat transfer along the fin cell can be
expressed as:
3 3 _
IdQsens,a,f Z_[ Z Aa o Gatp 'dZdep :Z atp - Pafp  Gatp (12)
fp=1 fp=1

where Hayfp is the integrated mean value of 6, ¢, (yfp)for each fin portion.
While, the total mass transferred to the fin surface is given by:

3 3
jdmwater,a,f ZI Z D, g, * @a,fp 'dZdyfp :Z D, Ay fp - Dg fp (13)
fp=1 fp=1

_ _ o b Win Lol Tin L Tout
where @, ) =W, —a, { —b, ¢ (Ta _gayfp), W, :%, T :%

aasand b, are parameters which resulted from the linearization process of saturation curve, where Wey ¢ (Y)=8as¢

+ bas T (y) [10, 11]. These parameters are evaluated between the average dew point of surrounding air and the

minimum fin root temperature (either the fin base or tip), as it is illustrated in Fig 3.

o\
S
\2?\
&

Adr cell
Sat. condition ~avg. condition |
e o W,
Wsat,f (Y)zaa,f+ba,fo (y/) P ' -
Min. fin root ,/ ----------- --------------------------- > g
temperature : ' "
f Q
v \5/_ W £
min(Te Tl Ty T £

12



Fig. 3— Linearization scheme of saturation curve used in the Fin1D-MB model for wet fin analysis.

The novelty of the current model is the implementation of integration of the fin temperature function. This
integration takes into account the effect of different dehumidifying conditions on the fin temperature profile, and
heat conduction between tubes through the fin. Instead of using the current approach, other evaporator models in
literature assume adiabatic section at half the fin height; then the adiabatic-fin-tip efficiency, for totally dry or
wet condition, is applied. However, some models, which use the adiabatic-fin-tip efficiency, tried to apply more

or less artificial approaches in order to include heat conduction between tubes [21].

Substituting Eqgs. 12 and 13 into Egs. 7 and 9, respectively. The total sensible heat transfer from the air cell to

the corresponding fin and tube wall cells is expressed as follows:

ma-ép’ma Zaafp Aafp afp Zaat( st)Pat AZat (14)
fp=1

while the total mass transfer is

My - AW, = leaDafp Aatp Dafp — ZaD (\A_/a _Wsat,s,t)Pa,t'AZa,t (15)
p=

Rearranging Eqgs. 14 and 15, taking into account LFTV approach for the air flow along the z-direction, gives.

_ : 3 _ N _
Z(Ta _Ta:n ) == Z NTUa,fp g ea,fp - Z NTUa,t (Ta _Ts,t ) (16)
fp:]_ t=1
where NTU, ¢, = afp Aafp , and NTU, ; = Zat Tat Aat .
My p.ma a “~p,ma
N in 3 — A v
Z(Wa —w ) =<3 NMTU, g @ gy — 2 NMTU, (W, ~Weg 1) 7
fp=1 t=1
a .
where NMTU, =a_f"—A‘”'°2/3 and NMTU, —%-
aCpma-Le My -Cpma - L€

Egs. 16 and 17 involve the term @, -, which corresponds to T, —Ty, . The average fin temperature T; can be
a,fp a fp g p f

obtained by integrating Eq. 6. This results in the following equation:
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i a1 7
£ [A( Yep1: Yep2+ Yfp3 )lej - Ay
g1
_ Hi—~(61+¢2) =
B -Efpl E'; [A( Yip1: Yip2:1 Yip3 )}Z,j . dyfpz T?B
Tr=teey = H — (& +0) It (18)
Tz ) ¢ s ;
_([ [A( Yo1) Yip2: Yfp3 )]3,1' - dYfp3
g2

Now, if T_fpl : T_fpz ,and T_fp3 are subtracted from T, and rearranging the result, then g, . can be expressed as:

_ _ T,
a,fpl a”~ 'fpl T

— — = = B

Haf - Ha,fpz —3)'a ™~ 'fp2 _[B]' T (19)
— — — fT
Oatpa ), ¢ Ta— T3, 7

[B] is a 3x4 matrix that depends on the same parameters as [A(Yr1,Yi2:Yr3)] €Xcepting the spatial coordinates.

The components of [B] are presented.in detail in Appendix A. éayf has an interesting characteristic, like T; (y),

that it is expressed as a pseudo-linear function with respect to 'ra, T, T¢r, W. The advantage of using

pseudo-linear functions.is that they make it possible to solve all the proposed equations using a fast iterative
method with good.convergence.

Substituting Eg. 19 into Egs. 16 and 17 gives the following expressions for average air temperature and

humidity ratio, subsequently the outlet air temperature and humidity ratio, within each air cell.
t=1

_ Nt
Ty {2 +NTUg gp1-B11 + NTUg 50 - Bog + NTU g 553 -Bgg + Z NTUth} =

2T, _[NTUa,fpl By o+ NTU, g2 - B o + NTU, g3 'B3,2:|TfB - (20)
[NTUa,fpl ‘By3+ NTUg 50 -Bo 3 + NTU, 53 'B3,3]TfT -

M
[NTUa.fpl ‘Byg + NTUg g2 -Bo g + NTU, g3 ‘B3,4]‘/7 + D NTU, T,
t=1
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W, {2 +NMTU, g +0+NMTU, g5+ NMTUa,t} =
t=1

2V + 2, ( [NMTU, 11 +0+ NMTU, 5 ] —[ba,f (NMTU, 1 (Byy ~1) +0+ NMTU, 5 (B, —1))]?a - 21)

(a1 (NMTU, g1 By + 0+ NMTU, g3 Bs2 ) [Trg = Ba, ¢ (NMTUg g1 - Byg + 0+ NMTU, g5 By ) [Tir -

N
[ba ¢ (NMTUg 1By g + 0+ NMTUq 3By ) |7+ 2 NMTUq - Wege .
=1

—_

It can be noticed in Eq. 21 that the terms correspond to the mass transfer between the second portion of the fin

cell (fp2) and surrounding air are equal to zero. This is because this portion is always assumed to be totally dry.

2.4 Solution Methodology

After the initialization process, the iterative process begins, which consists of three steps. The first step is to
calculate the outlet temperature and humidity ratio for all air cells using Egs. 20 and 21, respectively. In the first
iteration the dehumidifying conditions of the fins have not yet been evaluated, so all the fins are assumed to be
totally dry. The second step is to calculate the tube wall cells’ temperatures using Eq. 11. It can be seen that this
equation considers the 2D heat conduction between the current tube wall cell and neighboring wall cells, which
results in a system of linear equations involving all the tube wall cells temperatures. To solve this system of

equations, the line-by-line iteration method is adopted in the current model [22].

The third step of the iterative process is to evaluate the dehumidifying condition of each fin cell (either to be
totally dry, totally wet, or partially wet) then calculate its average temperature. Firstly, the fin cell
dehumidifying condition is evaluated according to the fin cell roots temperatures and average dew point
temperature of the surrounding air. After determining the actual fin cell condition, the following equations are
applied to calculate the exact length for each fin portion.

-1

me

X

2(9a, fTe _‘9a, fB)

= 3me = me
—Hdpe + Hdpe

" 22)

1
=—-In
a1 -

52 6mH mH 2 2 4mH -mH
26 f—2(29a,f59ayﬁe f+9dp—29a,f8)e g |gmHs

Zme H Zme

- 4Ha, fBga, fT em

(462 rre "+ Je
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1
me X
2(ga,f‘l'e _Ha,fB)
- 3mH; = mH;
Gy =Hy— =) | " @3)
m — —
B2 —2(20& el +62 —29§1f5)e4me + g7
(493, fTe2me — 40, 1805, fTeme +‘§dzp)e2me

where Otp =Ta ~Tap» Oaie =Ta—Trg,and O, ;7 =T —Trr.
Finally, & and & are used in Eq. 19 to calculate the average fin cell temperature. It can be noted that the
calculation process of obtaining the fin wall temperature field is explicit. The iterative process continues until

the value of the residual converges to the required tolerance.

3. NUMERICAL VERIFICATION OF THE FIN1D-MB MODEL

In the current absence of other available external studies, the case studied by Hassan et al. [12, 13] was
employed in the current verification process for the Fin1D-MB model, and later in the comparative study
between the two numerical models. The case study consists of two evaporator tubes with tube length of 8.6 cm,
fin height of 8 mm, fin thickness of 0.152 mm, fin pitch of 1.59 mm, and only one refrigerant pass. These
geometrical specifications are sufficient enough to verify the proposed model and to identify the sources of
deviations between the different modeling approaches; since the relevant dimensions to be discretized, in order

to face the main prediction challenges which were discussed, are the fin height and depth.

The verification process consisted of two studies. The first one was the air-side verification study (V1), in which
the conductivity of the tube and fin, and the refrigerant heat capacity rate were assumed to be infinite. This
resulted to a uniform wall temperature along the y-direction that allowed performing a series of systematic
checks against operational cases for which an analytical solution can be obtained. Under this situation, the fin
and tube were discretized only in the direction of air flow (z-direction). The second one was the mesh
independent verification study (V2), in which the effect of fin/air discretization, along the air flow direction, on

the numerical solution was evaluated.

In the V1, the numerical solution was compared with the analytical one based on a zero heat capacity ratio heat

exchanger ([16], ch. 11, pp. 723—730), where ¢ = 1-exp (-NTU).
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Fig. 4 illustrates the results of V1. It can be noticed that the error in total heat transfer rate, for both cases totally
wet and dry, rapidly diminishes after N=5; where N represents the number of fin/air and tube wall cells in the z-
direction. The results of V2 are shown in Fig. 5, where the change of absolute residual in total heat transfer rate

is illustrated with respect to N. It can be seen that the residual steadily tends to zero after N=10.

4. COMPARISON OF THE AIR-SIDE HEAT TRANSFER RESULTS BETWEEN THE

FIN1D-MB AND FIN2D-W MODELS

In this study the air-side heat transfer results from the present Fin1D-MB model are compared with the results of
Fin2D-W model. The evaporator piece in the case study is discretized into a grid of {3,1,10,10}, based on the
Fin1D-MB model verification study. For the Fin2D-W model, the evaporator piece is subdivided into three
segments along the refrigerant flow direction. Each segment consists of two streams of refrigerant (upper and
lower) that are split into only one channel in the air flow direction; two flat tubes (upper and lower) that are
divided into ten cells in the air flow direction; and both air stream and fin, which are discretized in two-
dimensions: thirty cells along the fin height and ten cells in the air flow direction. This is summarized as a grid
of {3,1,10,30,10%} [12]. It can be observed that in both models the fin and air flow are discretized into ten cells in

the air flow direction. To allow a fair and clear comparison in same conditions between the two models, the
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following assumptions are made: the tube temperatures are assumed to be known and specified, the air-side

sensible heat transfer coefficient is constant, and the properties of moist air are also constant.

Three cases covering a wide range of refrigeration and air conditioning applications were selected to represent

different inlet air conditions to the evaporator, as shown in Table 1.

Table 1 — Inlet air conditions used in the simulations.

Tin RHIN T a G, Inlet pressure
[°C] [%] [°C] [kgm?s™] [kPa]
Case | 14 90 12.39
Case Il 27 55 17.20 3.34 100
Case 11 40 67 32.69

Based on the inlet air conditions (see Table 1) and specifications of case study (see Section 3), the air-side
sensible heat transfer coefficient was estimated to be 48 W m? K™. This value was evaluated with convection
correlations for laminar flow in non-circular tubes (Bergman et al. [16], ch.8, pp. 552-555). The hydraulic
diameter of the air passage between any two successive fins was adopted for Reynolds number calculation.
Since the air velocity does not change, the value remained the same for all the cases studied. For moist air the

Lewis number is close to unity [23], so a Lewis number of unity was assumed in the current study.

In the current comparative study, the lower tube temperature T; was always assumed to be constant, while the
upper tube temperature T, was gradually increased until reaching the inlet air temperature for each case. The
difference between upper tube and lower tube temperatures is defined as the superheat (SH) in the current work.
To show representative values of SH, different sets of lower tube temperatures were chosen for each case. This
allows to have similar differences between the lower tube temperature and dew point of inlet air. The results of

the two models are compared below.

In Figs. 68 (part a) the relative deviations in sensible heat transfer rate, based on the Fin2D-W model results,
for the three cases under study are plotted against superheat values. It can be seen from these figures that the
Fin1D-MB model always overpredicts the sensible heat transfer rate in an almost constant trend, regardless of
the superheat value. The average values of these deviations for Cases I, 11, and 111 are 4.23%, 4.10%, and 4.12%
respectively. It can be also noticed that the deviations are almost independent of inlet air conditions. The main
source of these deviations is the assumption of uniform air temperature between the tubes adopted by the Fin1D-
MB model. It is worth mentioning that Martinez-Ballester et al. [18] reported similar deviations in the sensible

heat transfer rate in their comparative study of different numerical models for CO, gas coolers.
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Fig. 6 — Relative deviations in (a) sensible and (b) latent heat transfer rates between the Fin1D-MB
and Fin2D-W models, for Case 1.

The relative deviations.in latent heat transfer rate between the two models are depicted in Figs. 6b, 7b, and 8b.
The results are divided- into three regions according to the fin condition predicted by each model: the first region
(R1) in which the fin is assumed to be totally wet by the two models; the second region (R2) in which the
Fin1D-MB model assumes partially wet fin condition, while the Fin2D-W maodel still assumes totally wet fin

condition; the third region (R3) in which both models assume partially wet fin condition.
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and Fin2D-W models, for Case 1.

At the beginning of R1, SH=0~4K, the Fin1D-MB always overpredicts the amount of latent heat transfer, and
the deviations between the two models follow a steady trend in the three cases studied. The Fin1D-MB model,
unlike the Fin2D-W model, assumes a uniform air humidity ratio along the fin height. This assumption
contributesto the deviations in latent heat transfer rate in this region. With a further rise in superheat, the Fin1D-
MB model tends to convert the fin condition from totally wet to partially wet earlier than the Fin2D-W model.
Consequently, the amount of latent heat predicted by the Fin1D-MB model starts to drop, but is still higher than
the Fin2D-W model. However, as the lower tube temperature continues to drop, the Fin1D-MB model starts to
predict lower latent heat transfer rate compared to the Fin2D-W model. This situation results in negative
deviations, for the most cases, at the end of R1, as shown in Figs. 6—8 (part b). In R1, the relative deviations,
based on the Fin2D-W model results, in latent heat transfer rate are up to 3.90%, 4.40%, and 4.80% for Cases I,
I1, and I11, respectively. Whereas, the values of the average relative deviation (ARD) in latent heat transfer rate

for the three lower tube temperatures for Cases I, I, and Il are 2.52%, 2.30%, and 2.80%, respectively.

20



QD
~—
»
a1

— w0 O ————
4 F X TRome D e a
— 3.5
S,
= 3
S )
g25 T,=40 °C
[] 2 in
o Tgp=32.69 °C
(]
=15
k5] -o-T_It=20 °C
(O]
r ! -&-T_|t=25 °C
0.5 -x-T_It=30 °C
0
0 2 4 6 8 10 12 14 16 18 20
Superheat (SH)=T,-T;; [K]
b) 30 T;”= 409G -o-T_It=20°C
¢ X
25 || T4=32.69 °C -&-T_It=25°C
20 ~x-T_It=30 °C
S 15
© L
3 10 -
©
©
T 0
4

-10 :>
O 2 4 & 8 10 12 14
Superheat (SH)=T T, [K]

Fig. 8 — Relative deviations in (a) sensible and (b) latent heat transfer rates between the Fin1D-MB
and Fin2D-W models, for Case I11.

16 18 20

The R2 begins with the first anticipation of a partially wet fin by the Fin1D-MB model, while the Fin2D-W
model is still treating the fin as totally wet within this region. Compared to the Fin2D-W model, this premature
anticipation of a partially wet condition could be interpreted as being due to the different schemes used by each
model to discretize the fin and air flow. However, this disagreement is negligible, since the ARD values in latent
heat transfer rate for the three lower tube temperatures for Cases I, I, and Il are 0.41%, -1.44%, and 0.42%,
respectively. Nevertheless, the drop in the lower tube temperature could result in a lower prediction of latent
heat transfer rate in R2, for some specific conditions, compared to the Fin2D-W model. This can be observed,

for example, in Case | when T,=2 °C.

When the Fin2D-W model starts to treat the fin as partially wet, the third region R3 comes into action. Although
both models have a similar capability to distinguish between the wet and dry portions along the fin height, the
deviations in latent heat transfer rate in this region start to rise with higher superheat, as shown in Figs. 6—8

(part b). To better identify the source of these deviations, Fig. 9 shows the fin temperature profile and mass flux
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of condensed water, at half the fin depth, for a specific point in R3. This point represents Case Il at the most

extreme condition, where T;=12 °C and SH=15K.

Fig. 9 shows that the two models predict similar fin temperature profiles and dehumidifying condition, where
approximately 35% of the fin is wet while the rest is dry. However, the main difference between the two models
is that the Fin2D-W model allows for the non-mixed air along fin height and humidity ratio gradients near the

tubes, unlike the Fin1D-MB model.

The air cells near the bottom tube are very close to the saturation condition at the tube surface temperature. So,
the potential of mass transfer, the humidity ratio difference, tends to zero with-approaching the lower tube
surface. This subsequently results to that the Fin1D-MB model clearly overpredicts the amount of condensed
water within approximately 20% of the fin height near the bottom tube, as shown in Fig. 9b. Generally, in the
R3, the ARD values in latent heat transfer rate for the three lower tube temperatures for Cases I, Il, and Il are

2.82%, 5.90%, and 7.75%, respectively.

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

smaller since the latent heat contribution decreases with the increase in superheat.

From the former discussion, we can conclude that analyzing separately the contributions of sensible and latent
heat transfer may be misleading. Therefore, it is also necessary to illustrate the relative deviations in total heat

transfer rate between the two models for the three inlet air cases studied, as shown in Fig. 10.
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As shown before in Figs. 6—8 (part b), the maximum relative deviations in latent heat transfer rate for Cases I,
Il, and 1l are 9%, 21.40%, and 26.80%, respectively. However, it can be noted from Fig. 10 that the relative
deviations in total heat transfer rate, for the same situations, dropped down to 6.20%, 7.40%, and 10% for Cases

I, ll,.and 11, respectively.

The deviations in the total heat transfer rate between the FinlD-MB and Fin2D-W models are still relatively
high. However, they are much better compared to the deviations between the classical e-NTU approach and the
Fin2D-W model, which were reported by Hassan et al. [13]. For the same cases studied and same air-side
sensible heat transfer coefficient, the deviations in the total heat transfer rate between the e-NTU and Fin2D-W

models were up to 52%.
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Also, it should be considered that the case studied comprises only two tubes. Additionally, in the current

comparative study, the superheat is assumed to affect the entire piece of the evaporator. However, in actual
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evaporators the superheat region occupies a small area compared to the evaporator’s total area. Moreover,
extreme SH values are considered in the current study, up to =~ 25 K. However, it is expected that these
deviations will significantly decrease in the case of evaluating a complete minichannel evaporator, and this will

be the next objective for the authors.

5. CONCLUSIONS

A numerical model (Fin1D-MB) for analyzing the air-side performance of minichannel evaporators was
developed and verified. The Fin1D-MB model is based on a more comprehensive two-dimensional model
(Fin2D-W) which was introduced by Hassan et al. [12, 13]; however, innovative discretization techniques were
utilized to reduce the computation time while maintaining a reasonable solution accuracy. A comparison of the
air-side heat transfer results between the FinlD-MB and Fin2D-W. models was made under different

dehumidifying conditions and values of superheat. The general conclusions of this study are:

e The Fin1lD-MB model significantly saves the computation time compared to the Fin2D-W model, with
speed ratio of 1:20 for all the cases studied. This advantage is derived from using the fin theory, which

substantially reduces the complexity of the fin/air discretization scheme.

e The proposed model also predicts the actual dehumidifying condition of the fin quite well, as a

consequence of adopting the moving boundary technique along the fin height.

o In the fully wet fin region, the Fin1D-MB model slightly overpredicts the total heat transfer rate, compared
to the Fin2D-W model. The relative deviations between the two models, in this region, were up to 4.34%

for the three cases studied.

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

evaporator.

e Although both models predict similar fin temperature profiles and dehumidifying conditions, the main
source of the deviations in heat transfer results, especially in latent heat transfer rate, is the assumption of

uniform air temperature and humidity ratio along the fin height adopted by the Fin1D-MB model.
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APPENDIX A: Matrix [B] Coefficients

This appendix shows the components of matrix [B]sx4 Which is employed in Eg. 19 to evaluate the average

temperature for a fin cell.
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A.2. Components of B,
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A.3. Components of Bs;
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where
M is the wet fin parameter;
m is the dry fin parameter;
& is the length of first fin portion fp1, measured from the fin base;
& is the length of third fin portion fp3, measured from the fin tip;
@ =G+ G

Q =M /m;and
H; is the total fin height.
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Highlights

A numerical model for wet fins of a minichannel evaporator is developed.

Fin theory is adopted in conjunction with moving boundary technique.

A comparative study between the proposed model and a 2D model is implemented.
Both models predict similar temperature profiles and dehumidifying conditions.

The current model saves computational cost up to 95% compared to the 2D model.
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