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Abstract

This paper provides a systematic review of mathematical models for simultaneous heat and mass transfer
process modeling. Models were categorized into lumped models, zone models, and numerical methods with
information on their computation costs and accuracies. Observing the reviewed models, it was revealed that
iterative calculations and complicated analytical corrections on fin efficiency are necessary under fully wet
conditions. To provide the explicit calculation for the dehumidification process for micro-channel heat
exchangers, regression techniques, like Multiple Polynomial Regression, are applied to modify the
effectiveness-NTU method. The improved regression models show advances in accuracy and usability within
the common geometries and conditions for heat pump applications.
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1. Introduction

In recent years, the mathematical models for the pure heat transfer process in heat exchangers are well
developed. Classic models like Logarithm Mean Temperature Difference (LMTD) method and the
effectiveness-NTU method provide a reasonable level of accuracy under fully dry conditions. However, once
dehumidification occurs in the cooling process, the prediction of simultaneous heat and mass transfer becomes
complicated while both sensible and latent capacity needs to be calculated. For instance, the traditional LMTD
method is unable to calculate the latent heat during the condensation of humid air. To properly model this
dehumidification process, various modified models were proposed, which are worth a systematic review to
foster further studies. Hence, this article comprehensively summarizes current mathematical models for the
dehumidification process within heat exchangers in section 2. The review reveals that iterative calculation and
complicated analytical correction on fin efficiencies are contained in most of those models to approach
reasonable accuracy, which shows little practical usability for engineers. To tackle this problem, regression-
based modified explicit models, for Microchannel Heat Exchangers (MCHXs), are proposed in section 3.
Finally, the proposed regression models are assessed and compared with traditional methods in section 4.

2. Review of mathematical models

For the modeling of simultaneous heat and mass transfer processes, [1] and [2] summarized several methods
for the dehumidifying process of fin-and-tube heat exchangers, providing comprehensive reviews on this topic.
Further, [3] gives a general framework for the categorization of those models. The existing models for
simultaneous heat and mass transfer prediction of heat exchangers could be generally classified into three types:
the lumped model, distributed parameter model (multi-node/numerical model), and the zone model. The
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lumped models compute the cooling performance based on the lumped parameters, with the advantage of fast
calculation. However, the details of the mass transfer process, such as the wetting area along the fin, are not
considered. To account for detailed heat and mass transfer processes and approach higher prediction accuracy,
numerical models can be used. Those methods tend to compute the cooling capacity of heat exchangers cell
by cell. Each cell is treated with lumped parameters. Nevertheless, those methods are usually computationally
expensive and hence lack practicality for fast performance predictions. The zone model slots in between
lumped models and numerical approaches in terms of accuracy and computational cost. Those approaches
divide the heat exchangers into different portions. Each portion is considered a lumped model with distinctive
working circumstances. With various partitioning procedures, the calculation accuracy would be improved
compared with the overall lumped models, yet the time for computation is reasonable in terms of the numerical
methods. Based on these categories, the mainstream methods would be further introduced in the following
section.

2.1. Lumped models

Based on the formulation of different models, the lumped models could be further summarized into
temperature difference-based, effectiveness-based, and enthalpy difference-based models.

2.1.1. Temperature difference-based models

All the temperature difference-based methods originate from the classic LMTD method. However,
modifications have to be introduced since the above equation cannot predict the latent heat. According to [2],
the simplest way to modify is by introducing an empirical factor. The empirical factor is expressed as

lai — lao
£ = i~ la, 1.
Cpa ' (Ta,i - Ta,o) ( )

The empirical factor transfers the temperature difference into the enthalpy difference to cover the evaluation
of latent heat. Although this is a quick method, the empirical factor may vary along the dehumidification
process and a large deviation may be caused by that. Concerning that, McQuiston [4] introduced the
condensation factor into the overall heat transfer coefficient with a similar idea. The condensation factor is

defined as
Wa = Wsatw

G=—r—r (2)

The essence of this modification is unifying the sensible heat term and latent heat term in the energy
equation and expressing sensible and latent heat by temperature difference.

Several publications modify the temperature difference as well. To reduce the complexity brought by the
condensation, the researchers transfer the dehumidification into the equivalent dry cooling process based on
the constant enthalpy difference [5], which is named as Equivalent Dry-bulb Temperature (EDT) method. In
detail, the dehumidification process 1-2 in the following figure is converted into the 1e-2e process, which owns
the constant humidity ratio. The transfer process is shown in Figure 1.
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Humidity Ratio (gm vap/kg dry air)

Dry Bulb Temperature (degC)

Figure 1 psychrometric charts for illustrating the assumptions of WTD method and the equivalent process of EDT method

Mathematically, the transformation of the heat transfer equation is

RyetA (iy + i RuerA (i + i€ T+ T
0, = wet (g_iw>=‘”_‘*t(1 Z—iw>zhwetA(172—Tw) (3)

Cpa \ 2 Cpa \ 2 2

The other similar approach, namely Wet-bulb Temperature Difference (WTD) method [6]. This method
was originally proposed for the indirect evaporative heat exchangers, aiming to transfer the enthalpy potential
on the side of secondary air into the wet-bulb temperature difference. Considering point 1 in Figure 1 as the
inlet of secondary air and point 2 as the outlet, those blue lines schematically exhibit this transformation. This
method is based on two assumptions. The first is the linear variation assumption between saturated enthalpy
difference and wet-bulb difference (shown as Eq.(4)).

Ai
K= AT (4.

The other one is assuming the lines 1’ 2” and 1’3 in Figure 1 share the same value of K to simplify the
derivation. Based on those two assumptions, the total heat transfer rate, for a parallel-flow configuration, is
modified as

(Tgr - Tsic,wb) - (Tz?r - Tsoc,wb)

Qc = UyrpA Ti _Ti (5)
In pr soc,wb
TI?T - Tsc,wb

Even though this approach is launched from air-to-air evaporators, the air-to-coolant heat exchangers could
also use the same idea to rewrite the air-side transfer equation and re-derive Eq. (5) correspondingly.

2.1.2. Effectiveness-based models
As a classic predicting method, Braun[7] stated the effectiveness-NTU method for predicting fully dry
conditions,

Qq = Sdmacpa(Ta,i - Tw,i) (6)

While under fully wet conditions, the total heat transfer rate is calculated by the enthalpy potential,
Q¢ = Swetma(ia,i - is,w,i) (7)

The effectiveness in Eq. (6) and Eq. (7) is varied in different cases since it is a function of NTU,
configurations of heat exchangers, etc. Hence, several basic derivations for effectiveness in different flow
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arrangements under fully dry conditions are given by [8] and properly summarized in [9]. Additionally, to
facilitate the use of effectiveness, some scholars also put efforts into simplifying the forms of effectiveness
through a linear approximation between effectiveness and heat capacity rate ratio [10].

2.1.3. Enthalpy difference-based models

The classic LMED method for the dehumidifying condition was mentioned in several publications [11]-
[13]. For instance, the cooling performance for Fin-and-Tube Heat Exchangers (FTHE), using LMED, is
calculated as [2]

Q¢ = UrmenAtotarBimm (8)
! Dout
1 A, bpAdn (—Din ) s A, )
ULMED hcAw,in 27TkwLw Aw,in nf,wetAf .
ha\ By, B,
w,p w,f

The by, by, by, ,,, by, frepresent the linear coefficients between saturated enthalpy differences and temperature
differences, normally iterative calculations are needed to obtain accurate values. Detailed calculation
procedures are given in [11]. According to Xia et al [14], the above LMED expression assumes the Lewis
number as unity, which may cause deviations. Therefore, they fundamentally re-formulated the LMTD method
to adapt the non-unity cases.

2.2. Zone models

As mentioned before, the zone models are mainly built on the concept of effectiveness and the major
discrepancy is in the wet-dry boundary identification. For instance, [15] re-derived the correlations of
effectiveness and NTU for counter-flow DX evaporators. The new correlations are integrated into the dry or
wet area under partially wet conditions. Therefore, with the additional constraint from the dew point
temperature of inlet air when computing the position of the boundary, the equation set can be closed and the
areas of wet and dry could be obtained using those re-derived correlations.

Except for the above methods, another proposed explicit zone model is called Equivalent-Capacitance
Approach (ECA) [16]. They found an alternative form for the LTMD method and it could avoid iterative
calculation without introducing any further assumptions. Utilizing explicit expressions, they considered the
two critical conditions, the just-dry-condition and the just-wet condition for coiling coils [17]. With the energy
balances and the assumption of the surface temperature at the boundary is equivalent to the dew point
temperature of inlet air, the critical coolant temperatures could be obtained. Comparing the two critical inlet
refrigerant temperatures at just-dry-condition and just-wet-condition with actual inlet coolant temperature, the
coil could be explicitly decided whether it is the fully wet, partially wet, or fully dry mode. Meanwhile, to
partition the dry region into partially wet conditions, they formed an empirical correlation to maintain the
explicit calculation.

Except for segmenting the heat exchangers from the airside, due to the phase change of the coolant, some
publications proposed methods to separate the sub-cooling, saturation, and superheated regions on the
refrigerant side. [18] developed the explicit methods of identifying those three portions through the calculation
of volume fraction corresponding to the condensers, evaporators, and air coolers. In addition, [19] further
divided the saturation region into region 1 and region 2, which was decided from the experiments. With the
other two regions, the paper suggests a separate calculation for each portion through the effectiveness-NTU
method and energy conservation equations and iteratively repeats the calculation process until the entire system
meets the energy balance.

2.3. Numerical models

The numerical methods indicate the procedure that divides the heat exchangers into a large number of small
cells and calculates them independently with basic governing equations. The numerical methods own high
flexibility and accuracy on simulations, with the drawback of high computational expense. However, some
numerical models would introduce some lumped parameters, such as the fin efficiency, to reduce the
calculation time while maintaining reasonable accuracy, which is summarized as the semi-numerical models.
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2.3.1. Semi-numerical models

The semi-numerical models introduced in this section indicate the methods that separate the entire heat
exchangers into various segments and each segment could be considered as a small independent heat exchanger
and is evaluated by lumped parameters. One representative semi-numerical model would be the Finite-Circular
Fin Method (FCFM). FCFM originated from [20], they tend to evaluate the dehumidifying process of fin-and-
tube heat exchangers segment-by-segment and each segment is equivalently considered as a fraction of a coil
with a circular fin. The cooling performance is calculated by lumped LMED method, mentioned in section
2.1.2.

Consequently, they extend this method into the fully dry condition [21]. Distinguishing from the fully wet
mode, the actual temperature difference is used. Noticing that the fin efficiency used in FCFM for the
equivalent circular fin is derived in [22], for both fully dry and fully wet circumstances. In 2008, they added
the evaluation to the partially wet condition using FCFM [23], a complicated analytical circular fin efficiency
for partially wet conditions formulated by them. Later, as a comparison, FCFM was combined with the
aforementioned EDT method to perform the calculation [24]. It was found that the FCFM based on the EDT
method shows higher heat and mass transfer characteristics.

[25] also proposed the element-based approach according to the effectiveness-NTU method. It divides the
cross-flow heat exchangers into many tiny elements. Each element is calculated independently. This
discretizing method would provide higher simulation flexibility compared with the FCFM method.

2.3.2. Numerical models

To eliminate the use of fin efficiency in semi-numerical models, the grids on the fins are generated and each
grid is calculated by basic governing equations. Based on this concept, a straightforward numerical method,
named as Semi-explicit Method for Wall Temperature Linked Equations (SEWTLE), is proposed [26]. To
provide a general numerical approach for any heat exchangers with complex geometry, this method focuses
on describing the heat transfer during fluid cells (air cells or refrigerant cells) and wall cells (fin cells or tube
wall cells). The governing equations are

n
mfluCp,fludelu = z Ulocal (Tw,cell - Tf)dAcell (10)

Jj=1

n represents the number of wall cells surrounding the fluid cells. The heat conduction along the wall cells by
the two-dimension Laplace equation

2
V(klocaltlocalVTw,cell) + Z Ulocal (Tw,cell - Tf)dAcell =0 (11')

i=1

Eg. (10) could solve the fluid temperatures based on adjacent wall cell temperatures and Eg. (11) could
obtain the wall cell temperatures based on neighboring temperatures of wall cells and fluid cells. Therefore,
an iterative calculation would be performed once initial guess values are given to wall cells.

However, the mass transfer prediction for the dehumidifying condition was missed in SEWTLE. Therefore,
[27] extend the application range of the original SEWTLE method into the fully wet condition and re-named
it Fin2D-W. Further, the superheated region on the coolant side was also concerned in later research [28].
However, due to the heavy computation issue of this method, they applied the Fin theory on the fin cells to
ease the computation process and therefore developed a new model called Fin2B-MB [29]. According to the
authors, the introduction of fin theories would make the model overpredict the latent heat transfer rate by about
2%, and underpredict the sensible heat transfer rate by 4%.

Another constraint of the SEWTLE is its inconvenience in evaluating the irregular geometry boundary, such
as the edge of holes on the fin. To improve the model feasibility on this issue, [30] mentioned a 2D model,
which introduced several coefficients for irregular grids and changed the discretizing form of the 2D Laplace
equation, making it could express irregular grids at boundaries.

3. Regression model development

Except for those models derived from classic methods, statistical tools also could be used for the predictions
of the thermal behavior of heat exchangers. According to [31], serval types of techniques are widely applied
for the statistical modeling of cooling systems, including the Artificial Neuron Network (ANN), Genetic
Programming (GA), Multiple Linear Regression (MPR), etc. [32] specifically pointed out the basic regression
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analysis that can be used, such as the linear/nonlinear regression, the multiple polynomial regression, and the
stepwise regression, etc. Further, they gave a representative example of utilizing the MPR analysis on the
cooling system. In this case, to maintain acceptable model accuracy, they chose the 8th degree during the
regression, which causes 494 terms in the model. It is believed that the usability of this model is reduced by
the enormous amount of terms. As a comparison, several studies developed regression models with fewer
terms, yet fewer input variables [33]-[35]. In regard, another type of strategy to perform the regression is
integrating heat transfer equations. For instance, combining several basic governing equations in non-
dimensional forms, [36] proposed simpler performance correlations for indirect evaporative heat exchangers,
expressed by Eq. (12).

Teo =9 117 - Hg -3 (12)

Y, a, b, c are empirical coefficients and I1,, I1,, [1; are the derived dimensionless parameters.

This type of methodology can be also utilized in the present study. In Section 2, it becomes evident that the
majority of dehumidification models require iterative calculations, which increases the computational load for
real-time simulation of thermodynamic cycle systems. Additionally, the fin efficiency, which is formulated
based on rectangular fin geometry, cannot perfectly suit MCHX due to the assumption of the adiabatic
boundary at the middle height of the fin. As result, it causes a deviation in the prediction of heat capacity under
both fully wet and dry conditions. To address the raised computational load in fully wet conditions and the
accuracy limitations brought about by analytical fin efficiency, a regression-based modification has been made
to the explicit effectiveness model under fully wet/dry conditions for two-phase refrigerant in this section. The
regression is based on the dataset generated by the numerical model Fin2D-W mentioned in section 2.3.2. The
explicit effectiveness-based models for the fully wet and dry conditions are stated in section 3.1 and section
3.2 respectively. In section 3.3, the selected regression variables and corresponding ranges are described to
elaborate on the application range of the proposed model.

3.1. Explicit model for fully dry condition

For the pure heat transfer process of MCHX, the classic effectiveness-NTU model is used. With two-phase
refrigerant, the effectiveness is described as

e =1-exp(—NTU,) (12.)
where
Cmin
C.=
" Cmax
U.A
NTU, = —=
mana
1

Ut=

1 tr ) < As ) 1
(hc kw Af,t nsf,dha
The overall surface efficiency is calculated as

A
Mg =1- AL:(1 ~1fa) (13)

Therefore the Q, is calculated by
Q= gdmacpa(Tr,i - Ta,i) (14')

To improve the prediction accuracy, efficiency is the regression objective so that the temperature profile
along the fin can be better described within the selected variable ranges.
3.2. Explicit model for fully wet condition

To perform an explicit calculation procedure for fully wet conditions, the expression for total heat transfer
rate is re-derived as Eq. (15).
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Qt = gmma(ia,i - is,r) (15)
where
_ 1
Em = 1 + csMy
& aiAi
£ = <1 — exp <— 7aon,sf'wetAo)>
mana
A
f.t
nsf,wet =1- A_(l - nf,wet)
t

c. = (isat,f - isat,r,i)
s (Tw - Tr)

And the sensible heat transfer is obtained by Eq. (16).

A
Qs = <1 — exp <— M)) mana(Ta,i - Tf) (16')

mgy Cpa

Naturally, to formulate the explicit calculation process, c, has to be regressed based on the input parameters.
To provide sufficiently accurate cg, the MPR technique is selected. In addition, to describe the enthalpy profile
and temperature profile more accurately, n used in Eqg. (15) for the calculation of @, and n, used in Eg. (16)
for the calculation of Q, are independently regressed. the regression results are exhibited in section 3.4. Overall,
the explicit calculation procedure is (i) calculate the Q, by Eq. (16), with regressed cs and n;,, for total heat
transfer rate, (ii) calculate the tube wall temperature by Eq. (17), (iii) lastly calculate the Q, by Eg. (16), with
the regressed fin efficiency n,, for the calculation of Q.
Q¢

T, = A + Tres (17.)

3.3. Selection of variables and ranges

To cover most of the influential input variables, nine inputs are selected to design the experiments for dry
conditions and ten variables for wet conditions. Selected variables include the mass flow rate of coolant m,.,
the air velocity v,, the inlet air temperature T, ;, the inlet refrigerant temperature T, ;, the Relative humidity of
inlet air RH, the fin depth L, and the fin height H, the Air-side Heat Transfer Coefficient (AHTC), expressed
by h,, Refrigerant-side Heat Transfer Coefficient (RHTC), expressed by h. and the half spacing of the MCHX
is denoted as hs. All the selected variables are illustrated in Figure 2(a). The input variable RH is ignored
under fully dry conditions.

Due to the substantial time cost of the Fin2D-W model, A 5-level 1/8 fractional factorial circumscribed
Central Composite Design (CCD) is utilized to minimize the simulation time and optimize the regression
results. The travel distance o between the axial point and central point is set at the value of 3.3636. 147
experiments are generated for dry condition simulation and 149 cases are generated for fully wet conditions.
The relations between coded levels and actual levels, as well as selected input variables and corresponding
ranges, are listed in Table 1. The value of the AHTC for each case is determined by the simple heat transfer
correlation form provided by Wang and Chang [38], which is shown as

j = 0.425Re; 4% (18.)

Since the prediction results of Eq. (18) are more moderate compared with the final equation in [38] and the
correlation for plain fins provided by [39], meaning a wider range of fin geometry could be represented by the
prediction. In terms of the RHTC, it is determined based on [40] for two-phase refrigeration flow boiling and
based on [41] for condensing refrigerant flow. Moreover, to extend the range of AHTC and RHTC that contains
in this regression, coefficients between 0.5-1.5 are multiplied before they are used in the calculation, which is
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explained by Eq. (19) and (20). In other words, all the values of AHTC and RHTC randomly fluctuated by
about +50%. Those coefficients of AHTC and RHTC for cases are shown in Table 1.

h.' = Crurc X hc (19')
ha, = CAHTC X ha (20)

Table 1. input variables and relations between coded level and actual level for CCD

General input variables

Input variables Unit Five Coded levels
- -1 0 1 o
m, kg/s 3e-4 6.041e-4 1.05e-3 1.496e-3 1.8e-3
Vg m/s 0.5 0.9054 15 2.0946 2.5
RH - 0.4 0.5216 0.7 0.8784 1
Ly m 0.015 0.017 0.02 0.023 0.025
H; m 0.008 0.0088 0.01 0.0112 0.0120
Crure - 0.5 0.7027 1 1.2973 1.5
Conre - 0.5 0.7027 1 1.2973 15
hs m 1.1250e-4  1.8669e-4 2.9550e-4 4.043le-4  4.7850e-4
Specified input temperatures for the fully wet condition with two-phase refrigerant
T, K 277.15 278.37 280.15 281.93 283.15
Toi K 293.15 295.18 298.15 301.12 303.15
Specified input temperatures for the fully dry condition with two-phase refrigerant
T, K 323.15 327.20 333.15 339.10 343.15
Toi K 303.15 305.18 308.15 311.12 313.15

Meanwhile, the test dataset, for the validation of regression models, is generated randomly within the ranges
listed in Table 1. 24 cases for the test dataset are picked, as roughly 20% of the training dataset for both dry
and fully wet conditions.

4. Result and discussion

In this section, the regression results are listed, and the performance concerning the calculation time and
prediction accuracy are elaborated.

4.1. Regression results

(@) Fully wet conditions
The wet fin efficiency 174 used in the calculation of Q; is obtained by Eq. (47)

Mot = U\l/lvlet (21')
where
tanh(me)
Nwet = 7
me

2.1493a,
m= |———
Kty
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py = 1.7290¢, + 0.2301&2

~0.1418 0.1594 - -0.0331
- <&)0.0365 (Hf) <hs> (h) 0.3249 (paVaHth> (RH)095%5

a; E E T, m,

It should be noted that the regression basis 7,,.;, Which pertains to fully wet conditions, maintains a similar
form to the analytical solution under dry conditions due to its superior predictive performance when compared
to other forms. In terms of the wet fin efficiency used in the calculation of Qq,

Nos = vazet (22')

where
U, = —0.8904&, + 2.2120¢2

-0.0921 0.0742 2.2396 -0.0138
£ = (ﬁ) <E) (h) <paV“.Hfhs) (RH)2792
Lf Lf TT m,

The regression results of cg that are regressed in the form of MPR are exhibited in the Appendix.

(b) Fully dry conditions
The analytical dry efficiency expression is still maintained as Eq. (23).
tanh (T)
Na =i (23)
2
2a,

Kt

m =

Yet the modified fin efficiency for the single-phase refrigerant is shown as
— M3
Nma = Mq (24.)

Meanwhile, the modifications that apply to the two-phase flow are exhibited as follows.
Us = 1.9307&, + 2.2470¢&3 (25.)

; =<ﬁ)0'0670 ﬁ —-0.3489 E 0.1753 (h)lluw PaVaHth —-0.1094
P \g L Ly T, m,

4.2. Model assessment

where

The prediction performance is assessed based on two indexes, the Mean Absolute Error (MAE) and
Maximum Error (ME) of training/test datasets, which are shown in Eq. (25) and (26). The performances are
exhibited in Tables 2 and 3 for fully dry and fully wet conditions accordingly. Note that the single potential
effectiveness-NTU model is used, which is stated in [33].

MAE = MEAN <|Q’“‘Q”‘7‘_Q’|> (26.)
ME = MAX <|Q’“‘Q’”7‘_Q’|) (27.)

Based on the test results presented in Table 2, it is evident that the developed regression model exhibits
advance in prediction accuracy for two-phase flow conditions. The MAE and ME are improved by 0.1% and
0.3%, respectively. The developed model also shows superior prediction accuracy for dehumidification
processes in two-phase refrigerant conditions. For the three types of heat transfer rates, the developed model

9
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shows the advances at both MAE and ME, where the prediction of the sensible heat transfer rate is improved
the most. For the sensible heat transfer rate, the MAE is reduced by about 1.2%, while the ME is improved by
about 3%.

Furthermore, the developed model exhibits a faster computational process compared to iterative
effectiveness-NTU, as shown in Table 4. In a nutshell, the present model is roughly 3 times quicker on average
in two-phase refrigerant conditions for calculating one case, compared to effectiveness-NTU. The data
presented in Table 4 is gained from the first hundred cases in the training datasets.

Table 2 performances of models in the test dataset under fully dry condition

Models Two-phase (24 cases)
MAE (%) ME (%)

Present model 0.74 1.99

Effectiveness-NTU 0.88 2.35

Table 3 performances of models in test dataset under fully wet condition

Models Two-phase (24 cases)
MAE (%) ME (%)

Q: 0.54 1.44

Present model Qs 0.47 1.13
Q, 0.72 2.27

Q; 0.95 3.36

Effectiveness-NTU Qs 1.69 4.34
Q, 0.99 4.88

Table 4 calculation time comparison of models

Fully wet with two-

phase (s)
Present model Max time 2.4e-3
Average time 1.3e-3
Effectiveness-NTU Max time 1.1e-2
Average time 4.6e-3
Numerical Fin2D-W Max time 2.22e+3
Average time 4.09e+2

5. Conclusions

This paper systematically reviews the mathematical models for the prediction of the dehumidification
process. Three types of models are classified, and each has its characteristics of computational cost and
accuracy. Based on the review models, it is found that most models in wet conditions require iteration
computations and complicated correction on fin efficiency based on various geometries. To improve the
usability of dehumidification prediction models, fully wet and fully dry explicit models for two-phase
refrigerants are proposed based on the analytical effectiveness-NTU method. The regressions are carried out
in a wide range of air and refrigerant side conditions, as well as commonly used geometric parameter ranges.
Three main advantages of the proposed models are the explicit calculation for dehumidification calculation
with improved accuracy as compared with traditional lumped models.

The research carried out here should benefit the academic and engineering communities with the need to
conduct fast heat and mass transfer analysis for MCHX in heat pump applications. The regression methods
presented here can be employed in the future as part of heat exchanger optimization studies for a wider range
of conditions and geometries.

10
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A area [m?] k thermal conductivity
slope of the air saturation curve reqression coefficient for fin
b, between the outside and inside tube 0 gre e
P efficiency modification
wall temperature
slope of the air saturation curve
b, between the mean water temperature m mass flow rate of air [Kg/s]
and the inside wall temperature
slope of the saturated moist air
,’Mf enthalpy curve at the mean water L, tube length
film temperature of fin surface
slope of the saturated moist air
/ enthalpy curve at the mean water . I
bup film temperature of pipe outer-wall L fin depth, exhibit in Figure 2.
surface
Cy condensation factor [Kg/K] L, louver pitch
. . . the number of wall cells surrounding
Cpa air specific heat capacity [KJ/kg/K] n the fluid cells
rate of change of the specific
Cg enthalpy with temperature along the NTU Heat transfer unit
saturated air line [kJ kg-1 K-1]
C,. Heat Capacity Ratio Q heat transfer rate [KJ/Kg]
tube diamet Re Reynolds number based on louver
ube diameter Lp pitch, defined by G * L, /v
. . — relative humidity of the inlet air,
Hy fin height, exhibit in Figure 2. RH exhibit in Figure 2
half spacing of the fin, exhibit in
hs Figure 2 T temperature [K]
h r}lejli]transfer coefficient [W m—2 ¢ fiin thickness [m]
. overall heat transfer coefficient [W
i enthalpy [KJ] U m-2 K—1]
j the Colburn factor viscosity [Pa s]
K slope defined by Eq. (4) V, Velocity of the air [m s-1]
B parameter defined by Eq. (22) w humidity ratio [Kg]
regression coefficient for dry
Y condition modification, defined by n Surface or fin efficiency
Eg. (19)
£ effectiveness '3 empirical factor [-]
Subscript Description Subscript Description
air-side heat transfer refrigerant-side heat transfer
AHTC coefficient RHTC coefficient
a air c coolant
cell at this cell S sensible
d dry sat saturated
f fin sc secondary air for indirective

evaporators

11
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flu at a Fluid cell t total

for wet-bulb temperature

i inlet WwTD difference method
in inside w wall
local at local position wb wet-bulb
0 outlet wet under wet condition
out outside 1 inlet
pr E\r/;rgirritglrrsfor indirective 2 outlet
sf surface
Superscript Description
e element
i inlet
o outlet
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Appendix

C, for Two-phase refrigerant under fully wet condition

Regression items

Coefficients

hs

a;

773.3503278912
0.0000948948
38.3773722823
—2.0216861869
—1.0152934629
—0.0558427117
—0.4891876154

5723.4507277779
0.0024117767
0.0000000003
0.6156383647

—0.0000000170

—0.0001363495
0.0181053785

3471.1090492644
—0.0000059242

0.0003096243
—2.0289842690
—0.0000155251
0.0033981273
0.0018169769
—2.7568565683
—0.0000003349
0.0000134885
0.0131479250
—0.1332461658
0.0040033968
0.0002142941
—48.2247161957
—0.0000016500
0.0000684268
—0.5824816663
0.0244457612
0.0018222308
—0.0041959005
0.0243469441
19.4632217323
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