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NH3/H0 based systems are promising for thermal energy storage and thermal energy conversion. These systems
are used for absorption energy storage and Kalina cycles. This paper investigates the condensation of high-
concentration NH3/H30 in vertically downward plate heat exchangers. A combined method is proposed by
discussing the applicability of equilibrium and non-equilibrium models. Both models are necessary for zeotropic
mixtures with large temperature glide. The non-equilibrium model applies where the temperature glide is non-
linear or the vapor is in non-equilibrium with the liquid. The equilibrium model becomes applicable with
decreasing vapor qualities. Heat transfer correlations are proposed according to the equilibrium model, which
interpret convective condensation and gravity-controlled condensation. The additional heat transfer resistance is
calculated considering mass transfer. The non-equilibrium model is further developed quantifying the heat and
mass transfer of vapor and neglecting the mass transfer resistance of the liquid. The non-equilibrium model
transforms into the equilibrium model as the concentration gradient of vapor approaches zero. Additionally, a
frictional pressure drop model for separated flow conditions is proposed and quantifies the two-phase shear

force.

1. Introduction

The present environmental problems drive the mitigation of carbon
emissions. Fossil fuels are being replaced by renewable resources [46].
The recovery of low-grade heat plays a growing role in reducing energy
consumption [26]. NHs has emerged as a promising carrier for energy
storage because of the high volumetric energy density in power trans-
mission systems. As a zero-carbon fuel and hydrogen carrier, NH3 en-
ables efficient long-term and large-scale energy storage for intermittent
renewable energy sources like wind and solar. NH3/HO is a by-product
in the chemical engineering industry, and can be purified to produce
pure NHj [27].

NH3/H20 is a well-recognized working fluid in energy storage,
refrigeration, and power plants [14,49]. High-concentration NH3/H;0
is the working fluid of the Kalina cycle, with condensation or absorption
being the key process[18,32]. Plate heat exchangers (PHEs) are widely
used in NH3/H50 systems with the advantage of a small working fluid
charge and superior heat transfer performance, so that the size of the

system is reduced[35].

1.1. The heat and mass transfer of NHs/H20 condensation

NH3/H0 is a zeotropic mixture with large temperature glide. Fig. 1
(a) shows the equilibrium temperature for high mass concentrations
(MCs), which can be divided into an approximately-linear temperature
glide region for low vapor qualities and a non-linear temperature glide
region for high vapor qualities. In the former region, the equilibrium
temperature increases approximately linearly with vapor qualities,
while the temperature glide changes sharply in the latter region. dT/dh
is the derivative of the equilibrium temperature with the two-phase
enthalpy at a constant pressure and bulk concentration. dT/dh is used
to indicate the mass transfer resistance, and is given in Fig. 1(b). The
integral of the value, [dT/ [dh, in the two-phase region gives
ATy /Ahry. ATy/Ahyy is equal to dT/dh only if dT/dh is constant [12].
In the approximately-linear temperature glide region, dT/dh increases
smoothly with mass concentration and vapor qualities. The change is
irregular in the non-linear temperature glide region.
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Nomenclature 2 Thermal conductivity [Wm K]
Awave Corrugation wavelength [mm]
Symbols u Dynamic viscosity [Pas]
A Actual heat transfer area [m?] P Density [kgm’B]
Co Convection number [-] c Surface tension [Nm ']
[ Specific heat capacity [Jkg 'K '] )
C, Vapor density in mole base [mol m~3] Subscripts
dg Channel gap [mm] av Average.d
dy Hydraulic diameter [mm] aw Ammonia water
d, Plate thickness [mm] b Bulk . .
D, Vapor diffusion coefficient [m?s~'] ¢ Combined condensation
f Darcy friction factor [-] cc Convective condensation
F Mass transfer coefficient [kmol m2s™!] eq In equilibrium condition
Fr Froude number [-] exp Measured value
g Gravitational constant [ms 2] g Gravity-controlled condensation
G Mass flux [kgm>s~!] i Interface
h Enthalpy [Jkg '] in Il?let. o
L Non-dimensional length [-] L Liquid or liquid bulk
Le Lewis number [-] Li Liquid interface
Ly Port-to-port plate length [mm] LO L%qu.1d 0.1'11}'
M Mole mass [kg kmol '] LTI Limit 1 in Eq. (A2)
m* Condensing flux [kgm?2s~] LT2 Limit 2 IH.E(} (A3)
m Mass flow rate [kgsfl] LY Frf)m liquid to vapor
MC Mass concentration of NH3 [-] mix MlXture.
N Condensing flux in mole base [kmol m2s1] mix0 Ideal mixture
Nu Nusselt number [-] out Outlet
p Pressure [kPa] pure Pure fluid
Pr Prandtl number [-] pre Predicted value
Q Heat flow rate [W] re Reduced pressure
Re Reynolds number [-] sat At satur.ated conditions
Sc Schmidt number [-] sub Subcoohng
Sh Sherwood number [-] sup Superheating
T Temperature [°C] T Total
v Superficial velocity [ms™'] TP Two-phase
We Weber number [-] V. Vapor or vapor bulk
W, In gasket plate width [mm] vi Vapor interface
x Vapor quality [-] w Cooling water
Xz, Liquid mole concentration [-] wall Plate wall
Xy Vapor mole concentration [-] Abbreviations
i Mole concentration of condensing flux [-] ALTGR  Approximately-linear temperature glide region
Greek symbols HTC Heat transfer coefﬁ.ci.ent
a Heat transfer coefficient [Wm 2K~ ] MTC Mass transfer coefficient
B Chevron angle to flow direction [°] PHE Plate .heat exchanger . .
By Vapor mass transfer coefficient [ms 1] NLTGR N.on—hnear temperature glide region
A Difference SBG Silver-Bell-Ghaly
D Surface enlargement factor [-]

The condensation of NH3/H30 is characterized by the mass transfer
of both components from vapor to liquid phase. Heat is released to a
coolant flow. The process is also classified as absorption. The tempera-
ture and mass concentration at the two-phase interface are the basis to
predict heat and mass transfer. The modelling approaches of zeotropic
condensation are classified into conservation equation models, non-
equilibrium models, equilibrium models and empirical models[15].
Non-equilibrium and equilibrium models were recommended given
their balance of applicability and computational complexity [29].

1.1.1. Equilibrium model

The equilibrium model assumes that overall the vapor and liquid
bulk concentrations are at equilibrium. The vapor/liquid interface
concentrations are identical to the vapor/liquid bulk concentrations.
The concentrations of the liquid and vapor are determined by the overall

concentration, vapor quality and pressure. The interface temperature is
equal to the equilibrium temperature as shown in Fig. 1(a). The liquid
bulk can be subcooled, while the vapor bulk can be superheated. It is
“concentration equilibrium” instead of “temperature equilibrium”. The
mass transfer is considered by adding a heat transfer resistance of the
vapor sensible cooling, but the mass transfer resistance is not calculated
directly [4,38]. The calculation is given in Eq. (1) and is known as the
Silver-Bell-Ghaly (SBG) method [4,38]. For a fixed operating pressure,
dT/dh is a function of vapor qualities and mass concentrations.

ar _\'
Oemix = (a;_;m + xcp,vﬁa‘jl) @

Del Col et al. [12] improved the equilibrium model by involving flow
patterns. Similar to pure fluids, the condensation heat transfer
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Fig. 1. (a) Equilibrium temperature and (b) dT/dh as a function of vapor quality for different mass concentrations at 690 kPa. The data are adapted from Refprop

10.0 [25].
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coefficients (HTCs) of mixtures are a function of flow patterns. For
annular flow, convective condensation is well predicted using the SBG
method and considering the interfacial roughness. The equilibrium
assumption is met because of the strong shear force and mixing. In terms
of stratified flow, gravity-controlled condensation is over-predicted by
the SBG method. Stratification leads to deviation from the equilibrium
assumption. The deviation is larger for small mass flux and large tem-
perature glide. When the SBG method is modified by quantifying the
non-equilibrium effect, the accuracy is improved. The model is appli-
cable for mixtures with a temperature glide of 3.5-22 K [12]. This
method is also adopted by Deng et al. [13]. The interfacial shear and
stratification effect are identified considering the condensation
mechanisms.

1.1.2. Non-equilibrium model

According to the fundamental assumption of the non-equilibrium
model, the thermodynamic equilibrium of vapor/liquid only prevails
at the interface, where the concentrations are in equilibrium and the
temperatures are the same. However, the vapor and liquid bulk have
concentration and temperature gradients. The heat and mass transfer
resistances of the vapor are assumed to be restricted to a thin film
[10,33]. Mass is transferred from vapor to liquid across the interface. In
Eq. (2), mass transfer was determined from the vapor to interface and
from the interface to liquid with mass transfer coefficient (MTC), F. xy;
and xy; are the NH3 concentrations of liquid and vapor at the interface.
x;, and xy are the concentrations of liquid bulk and vapor bulk [37]. z is
the ratio of NHj3 flux to total flux and is defined in Eq. (3), where N is the
condensing flux at the interface and is in the mole base [37]. Eq. (2) is
the general form, which can be simplified according to the value of MTC.

Z — Xyi Z — X
Nun, + Niyo = Fvln< Vl) = FLln( L) )
Z— Xy Z — Xri

Vapor mass transfer Liquid mass transfer
- Nym, 3)
Nyu, + Nu,o

Under the assumption that the two-phase interface is at equilibrium,
Sieres and Fernandez-Seara [37] distinguished between condensation
and absorption by interpreting Eq. (2). The liquid bulk is not in equi-
librium with the vapor bulk. Fig. 2 and Fig. 3 show the concentration
and temperature profiles. xy>x;, in condensation or absorption. T; is the
interface temperature. At the system pressure, the saturated tempera-
tures of liquid and vapor bulk, T s, and Ty, are determined by the
bulk concentrations of liquid and vapor, respectively. Tj s and Tysa
differ from the real bulk temperatures, T;, and Ty. The subcooled liquid
bulk and superheated vapor bulk deviate from equilibrium condition.
The heat and mass transfer are driven by the temperature and concen-
tration differences between the interface and liquid—vapor bulk.

Fig. 2(a) shows the concentration profile for x;; < z < xy, where
xy; > xy and xz; > x;. Both NH3 and H,0 flow from vapor to liquid. In
this case, the process is both condensation and absorption. The interface
temperature is lower than the saturation temperatures of vapor and

(a) (b)

Fig. 2. Concentration and temperature profiles of NH3/H,0 during condensa-
tion or absorption with xy; >xy and x;; > x; (adapted from Sieres and
Fernandez-Seara [37]).
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liquid [37]. Fig. 2(b) further indicates the possible temperature profiles
with subcooling and superheating, ATy, and ATg,,. Fig. 2(b) shows
Tp < Ti < Ty. Accordingly, heat is transferred from vapor to liquid
through the interface.

Fig. 3 is the typical condition of absorption with xy; < xy and
Xy; > xr, which is further classified according to the flow direction of
H50. In the first case, both NH3 and H,O are absorbed into the liquid
with xy < z < 1. In the second case, NH3 flows from vapor to liquid but
H,O is transferred in the opposite direction, with z > 1 or z < 0. The
interface temperature is lower than the liquid saturation temperature
and higher than the vapor saturation temperature [37]. Fig. 3(b) shows
T, < T; < Ty, which is similar to Fig. 2(b). As shown in Fig. 3(c), it is
possible that T, < Ty < T; or Ty < T;, < T; [21,44]. The latent heat is
released at the interface and is transferred to the liquid and vapor bulk.

The above conditions appear at different parts of a heat exchanger
[21,44]. This paper does not distinguish between condensation and
absorption as long as NHj is transferred from vapor to liquid and heat is
removed by external cooling.

1.2. Previous studies on PHEs and other channels

This Section presents the previous researches on condensation or
absorption in PHEs and other channels. Table 1 gives a summary of the
numerical models and experimental work, which includes heat and mass
transfer correlations and flow configurations. The mass concentrations
of vapor and liquid are also presented. For the listed experimental re-
searches, the temperature difference between the liquid and coolant is
considered as the driving force. The total heat transfer to the coolant,
Qy, is calculated using Eq. (4). a; and a,, are the liquid and coolant
HTGCs, respectively. a; is determined by the liquid temperatures at the
inlet and outlet, T} ;; and T;, . The heat and mass transfer between the
vapor and interface are not quantified. The numerical models applied
thermodynamic equilibrium at the interface and calculated the mass
transfer resistances. The models of bubble mode additionally require
bubble dynamics equations.

Q _ A (TL.in - Tw.out) - (TL,out - Tw.in) (4)
T 4 1 In Tr.in—Tw.our
aL ' wal - Qw Tr.out=Twin

Kang et al. [21] proposed a numerical model for the coupled heat and
mass transfer in a PHE operating as a bubble absorber. The NH3/H50
liquid flowed from the top to bottom, while the NH3/H20 vapor and
coolant flowed upward. The mass transfer resistances of liquid and
vapor were calculated. The two-phase interface was at equilibrium
temperatures and concentrations. The profiles of temperatures and
concentrations were predicted. The model was also extended to falling
film mode with the same flow directions. The bubble mode was superior
to the falling film mode in terms of the heat and mass transfer perfor-
mances [22].

The model of Triché et al. [44] was similar to Kang et al. [21,22], but
the liquid flowed co-currently with the vapor. The predicted heat
transfer rates were slightly larger than the experimental values. The
possible reason is that the wall surface was not completely wetted by the
liquid film NHs was absorbed all over the heat exchanger. HyO was
desorbed at the inlet and was absorbed at the rest of the heat exchanger.

Lee et al. [24] experimentally compared the heat and mass transfer in
a special PHE working as falling film and bubble modes. Both NH3 vapor
and cooling water were counter to the liquid flow. The MTC was
calculated based on the difference between the equilibrium liquid con-
centration and real liquid concentration. In general, the bubble mode
showed better mass transfer performance, while the falling film mode
had superior heat transfer performance.

Cerezo et al. [5] experimentally studied the absorption of NH3/H20
in a PHE in bubble mode. NH3 vapor was co-current with NH3/H50 and
was not completely absorbed at the outlet. The heat and mass transfer
were enhanced by lower liquid concentration, reduced cooling water
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Fig. 3. Concentration and temperature profiles of NH3/H,0 during absorption with xy; < xy and x;; > x;, (adapted from Sieres and Fernandez-Seara [37]).

temperature and increased system pressure. Cerezo et al. [6] built a
model assuming equilibrium conditions at the interface. The model was
validated with experimental results.

Jung et al. [20] measured the absorption of NH3/H»0. The NH3
vapor was injected in bubble mode and flowed upward. Three types of
PHEs with different geometric parameters were compared. The one with
a larger ratio of length to width showed better heat transfer
performance.

NH3/H20 condensation/ absorption in other channels has also been
investigated. van de Bor et al. [45] measured the absorption of NH3/H20
within the annulus of a mini-channel. NH3/H,O has a bulk mass con-
centration of 0.37. The HTCs increase with larger mass fluxes, vapor
qualities and heat fluxes, which are noticeably over-predicted by
condensation heat transfer correlations. The mass transfer resistance of
the mixture significantly deteriorates the heat transfer. The frictional
pressure drop is well predicted by the correlations of pure fluids.

The condensation of high-concentration NH3/H20 shows distinct
characteristics. The concentrations of the vapor and liquid are closer to
equilibrium. Fronk and Garimella [16] suggested apparent HTCs, which
were calculated using the equilibrium temperature. The equilibrium
model under-predicts the experimental HTCs of small tubes[17]. As
shown in Fig. 1(a), high-concentration NH3/H>0 has non-linear tem-
perature glide in the high vapor quality region, where the interface
temperature is over-predicted. A non-equilibrium model is proposed.
The condensation HTCs of pure NHj3 are used to predict the liquid heat
transfer considering that high-concentration NH3/H50 has similar fluid
properties as pure NHs. The vapor mass transfer resistance is quantified,
while the liquid mass transfer resistance is neglected. This non-
equilibrium model applies to annular and non-annular flow [17].
Since NH3/H0 has a higher saturated temperature than pure NHs, the
heat flux of NH3/H50 is predicted to be larger. Chandrasekaran et al. [7]
measured the absorption of NH3/H>0 in a microchannel, comparing the
performance of co-current flow and counter-current flow. The overall
heat transfer rates of both flow configurations are similar, while the co-
current flow has larger subcooling at the outlet. The numerical model
distinguishes wet regions and dry regions. The phase change takes place
in the wet regions, and the dry regions are used for the sensible heat
transfer of vapor [7].

Aminyavari et al [2,3] developed numerical models for co-current
flow and counter-current flow in tubes. For co-current flow, the phase
change mainly happens at the top of the tubes. The models were
experimentally validated, showing good agreement[2]. For counter-
current flow, the predicted mass transfer rates are smaller than the
experimental values, indicating adiabatic absorption. Additionally,
minor prediction errors are shown to result in major miscalculations of
absorber size[3].

As shown in Table 1, the vapor has a high NH3 concentration, while
the liquid has a low concentration. Experimental research takes the
temperature difference between the liquid and coolant as the driving
force. The overall heat transfer rate is calculated without considering the
proportion of latent heat and sensible heat. Because the mixture tem-
peratures vary sharply, the corresponding heat transfer correlations are
limited to the original ranges[20]. The mass transfer is analyzed by

calculating the overall mass of absorbed NHs. The numerical models
assume the two-phase to be in equilibrium at the interface and solve the
heat and mass transfer equations. The heat and mass transfer coefficients
are determined by empirical correlations or heat and mass transfer
analogies. The accuracy of the correlations is not fully analyzed. These
numerical models are limited to film flow and dispersed bubble flow,
and do not include other flow patterns.

The equilibrium model is straightforward but is limited to narrow
ranges. The difference between interface and equilibrium conditions is
neglected, which is oversimplified when the temperature glide is non-
linear. The non-equilibrium model applies for general conditions, but
the requirement on mass transfer relevant properties complicates the
prediction. Moreover, when the vapor bulk concentration is close to the
vapor interface concentration, the phase change is only driven by tem-
perature difference. The calculation of the phase change driven by
concentration difference gives zero, which deviates from the value
calculated using temperature difference. And thus the non-equilibrium
model becomes erratic. Yan et al. [48] proposed to approximate the
concentration difference using the temperature glide. The proposed
model simplifies the non-equilibrium theory with the analogy of equi-
librium model. The model applies to several zeotropic mixtures with
smaller temperature glide than NH3/H>0. Considering the sharp change
of the NH3/H,0 temperature glide shown in Fig. 1, the condensation of
NH3/H20 should be specifically analyzed.

The condensation of NH3/H30 is driven by the temperature differ-
ence and concentration difference. The dominance of heat transfer or
mass transfer depends on the operating conditions. Both models are
necessary to cover a wide range of bulk concentrations and vapor
qualities. The equilibrium model can be considered as a special condi-
tion of the non-equilibrium model with negligible mass transfer resis-
tance [47]. The equilibrium model applies to the condensation only
driven by temperature difference, where the interface concentration is
identical to the overall bulk concentration. A specific procedure is
needed to reduce the non-equilibrium model to the equilibrium model.
This paper investigates the condensation of high-concentration NHs/
H»0 in PHEs. The slope of the temperature glide is analyzed to evaluate
equilibrium and non-equilibrium models. The advantages of both
models are combined by interpreting the transition from non-
equilibrium to equilibrium conditions. The equilibrium condition is
met for low vapor qualities as the temperature glide is close to linear.
The new model reveals the relation between interface and equilibrium
concentrations. The condensation mechanism is analyzed based on flow
patterns. The heat transfer resistance is quantified as a function of liquid
film characteristics. Additionally, a unified frictional pressure drop
model is developed for pure NH3 and high-concentration NH3/H0.

2. Heat and mass transfer model based on flow patterns

In this Section, the heat and mass transfer of high-concentration
NH3/Ho0 is investigated by combining equilibrium and non-
equilibrium models. The vapor and liquid of NH3/H30 are co-current
and flow vertically downward. The heat transfer model of pure NHj is
taken as a starting point. The equilibrium model is developed in the



Table 1
Numerical and experimental research of NH3/H,O absorption in PHEs and other channels.
o Liquid phase” Vapor phase®
Study Research method Eit::;xf;i? Heat transfer ~ Mass transfer MC Flow Heat Mass MC Flow Flow configuration
transfer transfer
PHEs
Kang et al. [21] Model Interface ai1, — EC F. — EC 0.272-0.438  Downward ay i — EC Fy — EC 0.965-0.983 Upward Bubble mode
equilibrium a;, — EC Coolant upward
Kang et al. [22] Model Interface ai1 — EC F, — HMTA 0.268-0.442 Downward ayi— EC Fy — HMTA >0.987 Upward Falling film mode
equilibrium ar, — EC Coolant upward
Lee et al. [24] Experiment — ar, — EC F" — EC 0-0.3 Downward — — 1 Upward Bubble and falling film
modes
Coolant upward
Cerezo et al. [5] Experiment Liquid equilibrium ar, — F, — 0.29-0.334 Upward - - 1 Upward Bubble mode
measured measured Coolant downward
Cerezo et al. [6] Model Interface ai1 — EC F, — EC 0.29-0.339 Upward ay i — EC Fy — EC 1 Upward Bubble mode
Experimental equilibrium a;, — EC Coolant downward
validation
Jung et al. [20] Experiment - a;, — EC - 0.49-0.55 Upward - - 1 Upward Bubble mode
Coolant downward
Triché et al. [44] Model Interface aj;, — HMTA F, — EC 0.433-0.500  Downward ayi— EC Fy —HMTA  0.991-0.999 Downward Falling film mode
Experimental equilibrium a;, — EC Coolant upward
validation
Other channels
van de Bor et al. [45] Experiment - ay, - 0.09-0.25° Downward - - 0.44-0.83° Downward NH3/H,0 in annulus
Coolant upward
Fronk and Garimella Experiment& Model Interface a;, — EC — 0.4-0.96° Horizontal ay;— EC Fy — HMTA 0.8-0.99° Horizontal NH3/H,0 in tubes
[16,17] equilibrium Coolant counter current
Chandrasekaran et al. [7] Experiment& Model Interface a, — EC — 0.375-0.522 Downward ay i — EC Fy — HMTA >0.975 Upward& NH3/H,0 in shell side
equilibrium downward Coolant upward
Aminyavari et al [2,3] Model Interface aj;, — HMTA F, — EC 0.232-0.484 Downward ayi— EC Fy —HMTA  0.992-0.999 Upward& Falling film mode
Experimental equilibrium downward Coolant upward
validation

@ EC: empirical correlation; HMTA: heat and mass transfer analogy.

b This MTC is defined differently than by the other researchers.
¢ These mass concentrations are determined by the bulk mass concentration and vapor quality.
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approximately-linear temperature glide region, where the interface
temperature is equal to the local equilibrium temperature. The equi-
librium temperature is a function of the overall bulk concentration and
vapor quality. In the non-linear temperature glide region, the interface
temperature deviates from the equilibrium temperature of the overall
bulk concentration, and the non-equilibrium model applies. The non-
equilibrium model applies at the beginning of the condensation, and
transforms into the equilibrium model as the condensation proceeds.

2.1. Pure NHj3 condensation model

In a previous paper, the authors have developed a flow pattern-based
model of pure NHj for PHEs [42]. As shown in Eq. (5), it is divided into
convective condensation and combined condensation according to the
liquid Weber number, We;. The non-dimensional numbers are given in
Egs. (6)-(8). The liquid only HTCs are calculated according to the single-
phase correlations in Supplementary material A. Convective condensa-
tion applies to full film flow, where the wall surface is completely wetted
by the liquid. The vapor has a larger velocity than the liquid, and the
interfacial shear force promotes the convection. All the heat is trans-
ferred through the liquid film. Combined condensation is applicable to
partial film flow, which includes convective condensation and gravity-
controlled condensation. Convective condensation happens in the
wetted areas, while gravity-controlled condensation dominates in the
dry zones [42].

Applied Thermal Engineering 280 (2025) 128315

Table 2
Range of experimental data [43].
NH3 MCs G X P
- kgm2s~! - kPa
80 %-96 % 32-86 0.08-0.65 610—780

the equilibrium temperature is shown as a function of overall bulk mass
concentrations and vapor qualities. The relation of the vapor and liquid
mass concentrations is explained accordingly. The heat transfer deteri-
oration is contributed by the concentration gradient, which is quantified
using the temperature gradient[19,48]. The thermodynamic properties
of NH3/H20 are calculated using Refprop 10.0[25], while the transport
properties of the mixture use Conde [11].

The flow patterns of high-concentration NH3/H>0 are full film flow
and partial film flow in the tested range [43]. Since high-concentration
NH3/H20 has similar transport properties as pure NHs, the transition
criterion of NHj3 is considered as the starting point. It is full film flow
when We;>0.12, and changes to partial film flow when We, < 0.12. We,,
is the ratio of liquid inertia to surface tension, which indicates the liquid
film distribution and wetting characteristics. The condensation mecha-
nism is distinguished accordingly. [42].

The mechanism is convective condensation for full film flow. The
mixture condensation HTCs are predicted by modifying the SBG method
in Eq. (9) and using the overall bulk concentration. The first term is the
ideal heat transfer resistance of the NHs/H,0 mixture. It is calculated by

Aee = 10 (0.17Co’1'12FrL’°'2 +(1— x)°'748> We;>0.12, convective condensation
We W
a. = rf;acc + (1 - %) Qge We; < 0.12, combined condensation )

_ A 3\ 025
g = 0.36Co 028 (gPL (PLM APT‘:‘)ih hw/h) Pr)3®
L

_pvidy  GA(1-x)%dy

WeL (6)
c PLO
05 038
- () ()
PL X
G2
Frp = —— 8
b piedy ®

2.2. Equilibrium model in approximately-linear temperature glide region

The authors have measured the condensation of high-concentration
NH3/H20 within PHEs including apparent HTCs and frictional pres-
sure drop. The details of the experimental setup and methodology are
provided in Tao et al. [43]. Table 2 gives the range of experimental data.
The representative data are presented in Fig. 4, as well as the HTCs of
pure NH3 [41]. The averaged uncertainty of all the apparent HTCs is +
12.9 %. Lower mass concentrations reduce the apparent HTCs. All the
measured data are in the approximately-linear temperature glide region
referring to Fig. 1. The vapor is in equilibrium with the liquid, and an
equilibrium model is developed. In Fig. B1 of Supplementary material B,

referring to Eq. (5) and using the mixture fluid properties at an equi-
librium state. The second term accounts for the additional heat transfer
resistance because of mass transfer. The additional resistance is pro-
portional to the gradient of temperature glide indicated by dT/dh, which
is calculated for the constant bulk concentration, operating pressure and
local vapor quality. It quantifies the contribution of sensible heat. The
additional resistance approaches 0 when the fluid becomes liquid only,
where the phase change is finished. According to the experimental data,
the apparent HTCs show noticeable sensitivity to mass fluxes [43]. The
vapor is in contact with the two-phase interface to enable the phase
change. The vapor is transferred from the bulk and towards the inter-
face, where the vapor layer with a concentration gradient is penetrated
by diffusion and convection. The concentration gradient shows the
stratification effect. Larger mass fluxes promote the convection and
reduce the concentration gradient [50]. The additional resistance is
intensified by the stratification effect, but is alleviated by the mo-
mentum effect. The dominance of these effects is quantified using the
liquid Froude number, Fr;, which is the ratio of inertia to gravity as
shown in Eq. (8). Large mass fluxes promote the mixing and mass
transfer. As shown in Fig. 4, lower NH3 concentration increases the
additional resistance since the concentration gradient is aggravated. The
influence of bulk concentration is also involved. The parameters 2.25
and 0.7 are the results of multi-variable regression analysis. Since it is
convective condensation, the momentum effect is dominant.
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Fig. 5. Applicability of the correlation of convective condensation (Eq. (9)) in terms of Wey.
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ideal heat transfer resistance of NH3 /HZO
Qce,mix = 1

©)]
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additional resistance because of mass transfer

We,>We, r, convective condensation

To validate the transition criterion of the condensation mechanism,
the predicted values according to Eq. (9) are compared with all the
experimental data in Fig. 5. The agreement is reasonable for large We;.
The experimental data are mostly over-predicted for small We;, where
partial film flow prevails. The transition value is 0.12 for pure NHs [42].
In terms of the mixtures, the transition value becomes larger for lower
NHj3 concentration. As discussed in Tao et al. [43], lower concentrations
increase the surface tension, which hinders the wetting of the surface
and promotes partial film flow. In Eq. (10), the transition criterion is
proposed as a function of the overall mass concentration. The transition
lines are presented in Fig. 5, where the heat transfer deviates from
convective condensation on the left of the transition lines.

We,r =1.12—-MC (10)

Partial film flow is composed of wetted areas and dry zones. The heat
transfer is a combination of convective condensation and gravity-
controlled condensation. The mixture correlation of combined conden-
sation is given in Eq. (11). The heat transfer at the wetted area is the

Applied Thermal Engineering 280 (2025) 128315

same as full film flow and is predicted using Eq. (9). In the dry zones, the
additional resistance is also calculated with the SBG method as shown in
Eq. (12). The determination of the mass concentration and dT/dh is the
same as for Eq. (9). The stratification effect is strong for gravity-
controlled condensation. The vapor has a large resistance to penetrate
the layer of concentration gradients. The resulting heat transfer deteri-
oration is quantified by a factor based on Fr;, and MC. The parameters are
derived from the experimental data. The factor is smaller than 1 and
increases with large mass fluxes.

WeL WeL
Qe mix = 757 Xeemix + 11— QAgc mix

Weyr Weyr a1
We; < We, r, combined condensation
-1
agc.mixO +
ideal heat transfer resistance of NH3 / H,0 0.4
—0.4MCFr
Qg mix = L 12)

[ S ——
stratifying effect

T -1
xCp7VﬁaV

additional resistance because of mass transfer.

Fig. 6 presents the prediction of the proposed equilibrium model
validated by the experimental apparent HTCs [43]. The agreement is
good with 96.6 % of the experimental data predicted within + 30 %.
Combined condensation shows the smallest values because of the
stratification effect.

Egs. (9)-(12) are derived under the framework of the equilibrium
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Fig. 6. Comparison of NH3/H,0 condensation HTCs with the proposed equilibrium model. Mean error (ME): %Z"“";T", Mean absolute error (MAE): %Z"M
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model, and the interface concentration is identical to the overall bulk
concentration, where the vapor bulk is in equilibrium with the liquid
bulk. These equations can be adjusted to the non-equilibrium model
where the interface concentration deviates from the equilibrium con-
ditions. The interface concentration is used to calculate the additional
resistance and is determined by solving the mass transfer equations.

2.3. Non-equilibrium model in non-linear temperature glide region

In the non-linear temperature glide region of Fig. 1, the heat transfer
is coupled with the mass transfer. The interface temperature deviates
from the bulk equilibrium temperature, and the apparent HTCs are
under-predicted[17]. An improved non-equilibrium model is proposed
starting from the equilibrium model discussed in Section 2.2. The actual
interface temperature and mass concentration are determined using the
film theory. The following assumptions are adopted to solve the energy
and mass balances:

The vapor interface is in equilibrium with the liquid interface, both
of which are in saturated condition.

The liquid mass transfer resistance is neglected. The liquid bulk
concentration is equal to the liquid interface concentration.

The condensation heat transfer is driven by the temperature differ-
ence between the interface and the wall. The condensation HTCs are
calculated with the equilibrium model.

The vapor mass transfer follows the film theory. It is represented by
the vapor bulk concentration and vapor interface concentration.
The sensible heat transfer between the vapor and interface is single-
phase heat transfer. The heat transfer area is the same as the wall
surface.

The frictional pressure drop is negligible for heat and mass transfer
calculations.

During the visualization of condensation within PHEs, the liquid
phase is observed to be turbulent and well mixed in the corrugated
channels[41]. The strong convection significantly reduces the liquid
mass transfer resistance. The dominance of mass transfer resistance is
widely discussed[19,23,36]. The mass transfer resistance of liquid is
minor compared with that of vapor[17,48,50]. Consequently, it is
reasonable to neglect the liquid mass transfer resistance.

Since the equilibrium model is flow pattern-based, the heat transfer
prediction reveals actual flow characteristics. The vapor quality de-
creases during condensation. The corresponding reduction of flow ve-
locities transforms the flow patterns, which determines the local HTCs.
The frictional pressure drop affects heat and mass transfer by reducing
the saturated pressure in the flow direction. The effect on fluid proper-
ties is small and is neglected, as will be discussed separately in Section
3.3. The model applies to the condition that liquid and vapor flow co-
currently downward.

2.3.1. Vapor heat and mass transfer

The single-phase heat transfer of vapor is calculated with Eq. (13). ay
is the vapor HTC and is calculated using the correlations of the VDI,
which are given in Supplementary material A[30]. The heat transfer
area, A, is the effective area of the corrugated surface. The interface is
parallel to the wall surface so that the influence of interfacial roughness
is accounted for. The log mean temperature difference between the
vapor and interface is determined. The vapor is cooled when it has a
higher temperature than the interface. The vapor is heated when it has a
lower temperature than the interface under the condition that the vapor
concentration is equal to or higher than the interface.

3 (TV.out - Ti out) - (TVin - Ti.in)
= ayvA . :
QV o 1 TV.out — Ti.out
n—  ———"
Tyin — Tijn

=myCpv(Tvin — Tv.ou)
13)

10
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In Eq. (14), the mass transfer from the vapor to the interface is calculated
according to the film theory [37]. It is the same as the vapor mass
transfer calculated using Eq. (2). The liquid MTC is so large that the
liquid bulk concentration is equal to the liquid interface concentration.
The term liquid mass transfer is simplified. gy is the vapor MTC. In Egs.
(15)-(16), it is determined using the heat and mass transfer analogy with
vapor Sherwood number, Shy [8]. Cy is the vapor density in the mole
base and is illustrated in Eq. (17).

Nut, + Nisyo = Fyln (Z - xVi) = $,Cyln (z - "V") (14)
Z— Xy Z— Xy
ShyD
bv=""4— (15)
h
B Sey 1/3
Shy = Nuy (m) (16)
cv Py a7

 xyMyw, + (1 — xv)Mu,o

2.3.2. Total and liquid heat transfer

The total transferred heat includes the sensible heat of vapor and
liquid, as well as the latent heat. As shown in Eq. (18), the total heat
transfer is driven by the temperature difference between the interface
and cooling water. ap;y is the mixture HTC and is calculated according to
Egs. (9)-(12). The temperature glide of the mixture is quantified at the
interface, and the condensation HTC is consistent. The difference with
the equilibrium model is the concentration. It is the actual interface
concentration instead of the equilibrium concentration. The total heat in
the NH3/H3O side is determined by the energy balance of the vapor and
liquid phases. The total heat is taken away by the cooling water.

‘ A (Ti,in - Tw,uut) - (Ti,uut - Tw.in)
Q = o
1,4 1 1n Liin = Twou
QAmix /‘Lwall Ay Ti,out - Tw.in
= My (huw.in - haw‘out) as8)

= My jhvin + My inhyin — My ouhy o — ML ouehr ou

= mwcp.w(Tw.out - Tw.in)

The liquid is subcooled. The liquid temperature is derived using an
analytical framework of conservation law and is solved numerically
involving the variable fluid properties[31]. It is calculated using Eq.
(19). This analysis is based on the film condensation of mixtures and
considers vapor superheating[31]. It is demonstrated that the inertia
and convection are negligible for liquid heat transfer[31]. It is inferred
that Eq. (19) is accurate for fully developed flow.

TL.out = Twall,out +0.31 (Ti.out - Twall,out) (19)
2.3.3. Mass balance and species balance

The two-phase flow of NH3/H,0 follows the conservation of mass
and mixture components. In Eq. (20), the overall mass flow of vapor and
liquid at the inlet is equal to that at the outlet. The conservation also
applies to the NH3 component as illustrated in Eq. (21). The simulta-
neous conservation of HyO is derived from Egs. (20)-(21). The overall
and NH3 condensing fluxes are calculated with Egs. (22)-(23), which are
in the mass base. To close Eq. (14), the units of condensing fluxes need to
be unified.

rhV.in + th.in = rhV.aut + mL.aut (20)
mV.inMCV.in + mL,inMCL.in = rhV.autMCV,out + mL.outMCL.ou[ (21)
o mV.in - mV.uut (22)

A
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2.4. Implementation of the method

The proposed model is implemented numerically using a control
volume approach. Egs. (13)-(23) are solved for each control volume
where the fluid properties and HTCs are almost constant, and thus the
logarithmic mean temperature difference applies to each control vol-
ume. The heat and mass transfer are coupled through the local tem-
perature and concentration difference by calculating the interfacial
condition. The equilibrium and non-equilibrium models are combined
for prediction. The thermodynamic states of NH3/H2O and cooling
water at the inlet are the boundary conditions.

Fig. 7 shows how to distinguish between non-equilibrium and
equilibrium models. MCy jn, MCy,in and MCy, i, are the overall concen-
tration, vapor bulk concentration and liquid bulk concentration at the
inlet. For given inlet conditions, if the vapor is not in equilibrium with
liquid, non-equilibrium model is applicable. The case in Section 2.5.1
falls into this category. Otherwise, if the vapor is in equilibrium with
liquid, the condition needs to be located according to the profile of the
temperature glide for the corresponding pressure, which is similar to
Fig. 1(a). Non-equilibrium model applies for data in non-linear tem-
perature glide region, which is the case in Section 2.5.2. The data in
approximately-linear temperature glide region is calculated using the
equilibrium model. As the condensation proceeds, the state moves into
approximately-linear temperature glide region. Once Eq. (24) is met and
the interface concentration is close to the overall bulk concentration, it is
changed into equilibrium model.

|MC; — MCy|<0.001 (24)
The solution of the heat and mass transfer includes energy conservation,
mass conservation and mixture components conservation. Fig. 8 is the
flow diagram of the solver. The inlet conditions of NH3/H50 and cooling
water are the boundary conditions. The model is implemented as
follows:

1. The model is initialized by discretizing the control volumes. The
distribution of T, x and MC is assumed.

2. Fluid properties are calculated for all the control volumes according
to the local conditions.

3. The heat and mass transfer coefficients are predicted. The conden-
sation HTCs of NH3/H20 are calculated according to Egs. (9)-(12)
with interface concentration. The vapor HTCs are calculated using
the single-phase correlations in Egs. (A1)-(A5). The vapor MTCs are
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determined by heat and mass transfer analogy as indicated in Egs.
(15)-(16). The HTCs of cooling water are predicted with Egs. (A1)-
(A5).

4. The governing equations are solved for each control volume. For the
non-equilibrium model, Egs. (13)-(14), (18)-(23) are solved simul-
taneously in discretized forms. The equilibrium model is slightly
different. Since the vapor bulk is in equilibrium with the liquid bulk,
the equations are closed without Eq. (14). Referring to Eq. (14), the
condensing flux becomes zero as the vapor concentration gradient
diminishes, which does not reflect the actual condensing flux
determined by the temperature gradient. The non-equilibrium model
is transformed into the equilibrium model.

5. The residuals between two successive iterations are estimated. Four
residual values are calculated for the non-equilibrium model. The
equilibrium model has one less residual value since the vapor mass
transfer equation is not needed. The iteration error is the norm of the
maximum relative residuals. The iteration is finished when the error
is smaller than the tolerance. Otherwise, the iteration variables are
updated, and a new iteration is started.

6. To simplify the calculation, the frictional pressure drop is neglected
for the iteration. When the iteration is finished, the frictional pres-
sure drop of NH3/H20 is estimated separately with Eq. (26). The
pressure drops of liquid phase, vapor phase and cooling water are
calculated with Darcy friction factor in Egs. (A1)-(A4).

2.5. Analysis of heat and mass transfer model

The model is discussed for two sets of operating conditions. The two-
phase NH3/H30 flows vertically downward for both cases.

2.5.1. NHs3/H30 with mass concentration of 59 %

The experimental data of Triché et al. [44] are used for the validation
and analysis of the model. The geometrical parameters of the tested PHE
are given in Table 3 as Type 1 [39]. Sixteen plates form fifteen channels
including seven NH3/H20 channels and eight cooling water channels.
The working fluids are assumed to distribute uniformly among the
channels.

Table 4 presents the inlet conditions. NH3/H50 is two-phase. The
vapor and liquid are not in equilibrium and are mixed at the inlet. The
liquid has a higher temperature than the vapor at the inlet. The bulk
vapor quality is 0.24, while the overall bulk mass concentration is 59 %.
The cooling water flows counter-currently to NHs/HyO. The heat
exchanger is divided into 800 control volumes so that the results are
independent of the control volume number.

Fig. 9(a) presents the temperature distributions including the
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Fig. 8. Solver for heat and mass transfer calculation combining equilibrium and non-equilibrium models.

Table 3
Geometrical parameters of the PHEs.
Type Plate number L, w, A dp, B ¢ dy d, Awave
- - mm mm l'l'l2 mm - - mm mm mm
1 16 668 95 0.896 2.99 63° 1.15 1.72 0.58 6.67
2 4 1283 95 0.246 2.99 63° 1.15 1.72 0.58 6.67
bl predicted and experimental values. The liquid temperature of NH3/H50
Table 4

Inlet conditions of the working fluids [44].

decreases from the inlet to the outlet. The vapor temperature increases

close to the inlet as it is heated by

Parameters Units NH3/H,0 Cooling water
Trin °C 39.1 27.0
Tv,in °C 25.5 - temperature of the overall bulk an
Pin kPa 607 101 In the inlet region, the interface
m kg/s 0.0211 0.33
MG, - 59 % -

the interface. It reaches the maximum

temperature at 1/4 of the heat exchanger length, where the temperature
is equal to the interface. And then, the vapor is cooled. The equilibrium

d interface temperature are also given.
temperature is higher than the equi-

librium temperature. The cooling water temperature shows a good
agreement with the experimental values, while the predicted wall

temperature is not as sharp as the experiment.

12
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Fig. 9. (a) The predicted and experimental temperature distributions; (b) The
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In the inlet region of Fig. 9(b), the vapor bulk mass concentration is
slightly higher than the vapor interface, and the difference diminishes in
the flow direction. NHj is condensed, while HyO flows from liquid to
vapor. This condition corresponds to the interpretation of Figs. 3(a) and
3(c). In this region, the non-equilibrium model is applied. The non-
equilibrium between the vapor and liquid results from the inlet condi-
tion. In the following region, the interface mass concentration is equal to
the overall bulk mass concentration, and the equilibrium model applies.
The liquid bulk mass concentration increases in the flow direction and
approaches the overall bulk mass concentration of 0.59 at the outlet,
where the condensation is finished.

Fig. 10 gives the heat flux profile. The heat exchanger length is non-
dimensional (flow length/Lp). The actual heat transfer rate is the integral
of the heat flux. The total heat flux decreases from the inlet to the outlet
as the temperature driving force is reduced. The vapor is heated close to
the inlet, and the heat flux is then negative. The latent heat released at
the interface is transferred to the vapor and liquid. The vapor heat flux
becomes positive when the vapor temperature is higher than the inter-
face temperature. All the latent heat is transferred through the liquid to
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Fig. 11. The HTC distributions along the PHE including the vapor single-phase
heat transfer, NH3/H>O condensation heat transfer and cooling water
heat transfer.

the wall. The predicted heat transfer rate is 7942 W and agrees
reasonably well with the experimental value of 7549 W.

The variation of the HTCs is presented in Fig. 11. The condensation
HTC of NH3/H30 is determined based on the interface concentration.
This HTC increases slightly in the flow direction as the result of a
decreasing temperature glide. It is combined condensation all over the
PHE. This condensation correlation identifies the heat transfer deterio-
ration because of the transition from full film flow to partial film flow.
The influence of liquid film characteristics has been addressed by Triché
et al. [44] and Chandrasekaran et al. [7]. The vapor HTC decreases
because of the reduced vapor quality. The cooling water HTC is much
larger.

More experimental data from Triché et al. [44] are compared with
the model in Table 5. The heat transfer rates are accurately predicted
with a relative error smaller than 6 %. The predicted values are slightly
larger. The model assumes ideal flow distribution, which is difficult to
realize in practice. During the experiments, the vapor phase had liquid
entrainment at the inlet, which is not considered in the model. NH3/H50
is slightly subcooled at the outlet [44].
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Table 5
Comparison of the predicted values with experimental results of Triché et al. [44].
States Ty, in Ty, in Tv,in T,in Xv,in XL,in P Qr
’ ’ ’ ’ ’ ’ Exp. Pre. Deviation
Unit kg/s kg/s °C °C — — kPa w w -
Case 1 0.0051 0.016 25.5 39.1 0.998 0.458 607 7549 7942 5.2%
Case 2 0.0038 0.017 24.8 44.3 0.995 0.489 629 5871 6079 3.5%
Case 3 0.0061 0.015 25.3 36.1 0.999 0.433 598 8872 9096 25%
Case 4 0.0044 0.017 25.2 37.2 0.998 0.500 621 6400 6751 5.5%
Case 5 0.0046 0.016 25.2 40.6 0.997 0.463 578 6975 7265 4.2 %
Case 6 0.0055 0.024 21.6 42.5 0.992 0.491 603 8437 8942 6.0 %
Case 7 0.0055 0.027 20.6 44.3 0.991 0.498 604 8723 9047 3.7%
Case 8 0.0038 0.017 23.4 45.4 0.998 0.473 629 5991 6339 5.8 %
Case 9 0.0055 0.015 27.7 38.3 0.999 0.447 609 8069 8516 5.5 %
Case 10 0.0052 0.016 22.0 39.4 0.993 0.452 603 7536 7983 5.9 %
Table 6 (a)
Inlet conditions of the working fluids. 120 y i i
i
' —T
Parameters Units NH3/H,0 Cooling water 110 ! NH3/H20 TV
' - 0, —
Tiin °C 70.6 8 100 ; MC,=80% Teq |
Tvin °C 117.4 - , P800 kPa L
Pin kPa 800 300 90 o005 —T, 1
m kg/s 0.0049 0.05 in T T
Bulk MC - 80 % - 80 ! G=30 kgm™%s™ w

2.5.2. NHs/H30 with mass concentration of 80 %

The complete condensation is calculated to investigate the non-
linear temperature glide and approximately-linear temperature glide.
The inlet conditions are presented in Table 6. NH3/H20 has a bulk vapor
quality of 0.99 and is close to saturated vapor. The vapor temperature is
higher than the liquid temperature since the liquid is subcooled. The
geometrical parameters of the PHE are given in Table 3 as Type 2. Four
plates form three channels including one channel for NH3/H50 and two
channels for cooling water. Two plates are effective for heat transfer.
NH3/H,0 flows counter-currently to the cooling water. According to the
assessment of the impact of the control volume number, the heat
exchanger is divided into 1000 control volumes.

Fig. 12(a) presents the temperature distributions. The NH3/H20
temperatures of vapor and liquid decrease from the inlet to the outlet. In
the inlet region where the non-equilibrium model applies, the interface
temperature is lower than the equilibrium temperature. The difference
diminishes until zero, which indicates the beginning of the equilibrium
model. The transition from non-equilibrium to equilibrium is gradual
and is governed by the mass transfer of vapor. The vapor is saturated at
the inlet where the temperature is the same as the equilibrium tem-
perature. At the rest of the heat exchanger, the vapor temperature is
higher than the local saturated temperature, and the vapor is super-
heated. The sensible heat of the vapor is removed through the interface.
Once condensation happens at the inlet, the liquid has a large degree of
subcooling. The subcooling degree decreases as more liquid is accu-
mulated. The subcooling degree is 8 K at the outlet. The temperature
difference between the interface and cooling water changes sharply in
the non-linear temperature glide region, but is relatively constant in the
approximately-linear temperature glide region. The pinch point tem-
perature difference is reached approximately at 70 % of the heat
exchanger length.

Fig. 12(b) shows the mass concentration profile. The vapor bulk mass
concentration is equal to the overall bulk mass concentration (80 %) at
the inlet, and increases in the flow direction. Both NH3 and H,0 are
condensed, which is indicated in Figs. 2(a) and 2(b). Because of mass
transfer resistance, the vapor bulk mass concentration is lower than the
vapor interface mass concentration, while the interface mass concen-
tration is higher than the overall bulk mass concentration. The relation
of the two-phase mass concentrations is explained in Fig. B2 of Sup-
plementary material B. As the condensation proceeds, the vapor bulk
and vapor interface become almost pure NHs3. The concentration
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Fig. 12. (a) Temperature and (b) mass concentration distributions along the
non-dimensional heat exchanger length for complete condensation. ALTGR:
Approximately-linear temperature glide region; NLTGR: Non-linear tempera-
ture glide region.
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Fig. 13. The two-phase mass flow rates and vapor quality distributions along the PHE. ALTGR: Approximately-linear temperature glide region; NLTGR: Non-linear
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Fig. 14. The HTC distributions of complete condensation including the vapor
single-phase heat transfer, NH3/H2O condensation heat transfer and cooling
water heat transfer. ALTGR: Approximately-linear temperature glide region;
NLTGR: Non-linear temperature glide region.

gradient diminishes. The interface mass concentration becomes equal to
the overall bulk mass concentration. The liquid bulk mass concentration
increases all the way until the overall bulk mass concentration is
attained. The bulk system concentration is in equilibrium, and the
equilibrium model applies.

The profiles of mass flow rates and vapor quality are given in Fig. 13.
The vapor quality reaches 0.5 using 54 % of the heat transfer area. The
vapor quality decreases smoothly all over the heat exchanger. The
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transfer of latent heat is stable. In the non-linear temperature glide re-
gion, the temperature driving force is large, and the sensible heat con-
tributes noticeably to the total heat flux. Since the vapor mass flow rate
is small close to the outlet, it is fully cooled through the interface as
shown in Fig. 12(a).

Fig. 14 presents the HTC distributions during complete condensa-
tion. As the vapor quality decreases, the condensation HTC of NH3/H30
first increases and then decreases. The peak value is at the vapor quality
of 0.2. The sensitivity of mixture HTC to vapor quality results from the
conflicting effects of the convection and additional heat transfer resis-
tance contributed by mass transfer. The mixture HTC is small in the non-
linear temperature glide region where the temperature glide contributes
significantly to the additional resistance. As indicated by Fig. 1(b),
additional resistance is large for high vapor quality, which dominates
over the strong convection. Additional resistance is alleviated for low
vapor qualities. Combined condensation prevails all over the PHE. The
cooling water HTC increases with higher temperature. The vapor HTC is
very small.

In the above analysis, the prediction of both operating conditions
starts with the non-equilibrium model close to the inlet, and ends up
with the equilibrium model close to the outlet. Heat and mass transfer
are solved for the non-equilibrium model. Superheated vapor conden-
sation of the mixture is predicted by the equilibrium model. As the vapor
concentration gradient becomes zero or the interface concentration
approaches the bulk concentration, the non-equilibrium model is
transformed into the equilibrium model. Eq. (24) is taken as the tran-
sition criterion, and the corresponding deviation between the interface
temperature and bulk equilibrium temperature is smaller than 0.5 K.
The influence on heat transfer is negligible, and the equilibrium model
applies.

3. Frictional pressure drop model

The frictional pressure drops of pure NH3 and high-concentration
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NH3/H20 are compared in Fig. 15 [41,43]. The averaged uncertainty of
all the frictional pressure drops is + 14.1 %. The vapor and liquid of
NH3/H20 flow co-currently and vertically downward. The pressure
drops of inlet and outlet ports, the deceleration pressure rise, as well as
elevation pressure rise are excluded from the measured pressure drop so
that only the frictional pressure drop is discussed. Under similar mass
fluxes and vapor qualities, the frictional pressure drops of NH3/H20
increase slightly with lower mass concentrations. NH3; has a smaller
frictional pressure drop than NH3/H5O.

3.1. Comparison with NHj frictional pressure drop model

A frictional pressure drop model has been developed for pure NH3
based on separated flow, which is in the form of the Lockhart-Martinelli
model and is shown in Eq. (25) [42]. Since mass transfer resistance has a
negligible influence on frictional pressure drop, the model of pure NH3 is
expected to apply to high-concentration NH3/H20. The comparison is
presented in Fig. 16. The experimental data are under-predicted, but the
trend is reasonable. Lockhart-Martinelli model interprets the primary
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Fig. 15. Frictional pressure drop for pure NH3 and high-concentration NH3/H,0 [41,43].
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characteristics of separated flow. The form is adopted for further anal-
ysis[9,28].

APpp = APy,
-~

liqud pressure drop

XAPy
N——"

vapor pressure drop

+ 24/AP,APy
—_————

interface pressure drop

(25)

3.2. Development of improved model

The two-phase frictional pressure drop is the sum of liquid pressure
drop, vapor pressure drop and interface pressure drop. The liquid and
vapor pressure drops are predicted using single-phase correlations from
the VDI[30], which are given in Supplementary material A. The inter-
face pressure drop is determined by the two-phase slip, which is a
function of fluid properties [43]. Lower mass concentration increases
the frictional pressure drop of NHs/HO. The increase is mainly
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Fig. 17. Comparison of NH3/H,O frictional pressure drop with the improved
model in Eq. (26).
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Fig. 18. Comparison of NHj frictional pressure drop with the improved model
in Eq. (26).

contributed by interface pressure drop. Lower mass concentration in-
creases the two-phase density ratio and viscosity, and the interface
pressure drop is aggravated. The model is improved using the reduced
pressure and is given in Eq.(26). The reduced pressure indicates the
influence of density, viscosity and surface tension. Lower reduced
pressure increases the shear force.

APpp = +2€09%/Pe /AP APy +

interface pressure drop

AP, (26)
—~

liqud pressure drop

XAPV
——
vapor pressure drop

The experimental data are compared with the improved model in
Fig. 17. All the experimental data are predicted within + 30 %. The MAE
is 12.2 %, while the RMSE is 13.7 %. The deviations are more noticeable
for large frictional pressure drop of full film flow. A unified model is used
for full film flow and partial film flow since both flow patterns show
similar separated flow characteristics. The liquid film breaks up for
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Fig. 19. Pressure profiles of NH3/H;O and cooling water along the non-
dimensional heat exchanger length.

partial film flow, whose interface pressure drop is slightly smaller than
that of full film flow. The improved model is also validated with the
experimental data of pure NHs, which is shown in Fig. 18. The MAE and
RMSE are 10.1 % and 13.2 %, respectively. Several experimental data
for partial film flow are over-predicted. The improved model applies to
pure NHj and high-concentration NH3/H>O.

3.3. Analysis of frictional pressure drop

In Section 2.5.2, the complete condensation is analyzed assuming
constant operating pressure. To validate the assumption, the frictional
pressure drop is predicted using Eq. (26), which is shown in Fig. 19. The
total pressure drop is 26.8 kPa for the two-phase flow. The corre-
sponding temperature change of the bubble point is about 1 K, resulting
into the deviation of heat transfer rate for 3.7 % by neglecting the
frictional pressure drop. The influence on heat and mass transfer is
minor. It is reasonable to assume constant operating pressure and
calculate the frictional pressure drop separately. It seems necessary to
solve the heat transfer and frictional pressure drop simultaneously for
larger mass fluxes or lower pressure. In Fig. 19, the pressure of NH3/H50
decreases sharply close to the inlet, where the vapor quality is high. The
decrease is gradual close to the outlet. The pressure of cooling water is
also given, which changes linearly along the heat exchanger. The total
pressure drop is 15.1 kPa and has a negligible effect on the water fluid
properties.

4. Discussion of combined models

The heat transfer deterioration of mixture condensation is not con-
stant. The characterization of temperature glide gives insight into the
heat transfer deterioration[48]. As shown in Fig. 1, dT/dh depends on
the vapor quality for zeotropic mixtures with large temperature glide. It
is necessary to interpret the local value of dT/dh instead of average
ATpy/Ahy. The variation of dT/dh helps to explain the large mass
transfer resistance at high vapor qualities.

H30 (the less volatile component) condenses first from the vapor
phase to the liquid phase. NH3 (the volatile component) accumulates in
the vapor, and the NH3 concentration increases during the condensa-
tion. NH3 has a higher concentration at the vapor interface than the
vapor bulk, which reduces the interfacial temperature. It takes place for
high vapor qualities. The equilibrium model cannot predict the con-
centration difference, underestimating the heat transfer. The non-
equilibrium model overcomes this drawback and is indispensable.
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Temperature difference and concentration difference drive the phase
change. The concentrations at the vapor interface and vapor bulk cannot
be higher than 100 %, and thus the concentrations become identical as
NHj accumulates. In this case, the phase change is only driven by the
temperature difference. According to Eq. (14), the total condensing flux
indicated by the concentration difference is zero, which is incompatible
with that in Eq. (18) indicated by the temperature difference. The non-
equilibrium model is unsuitable when the concentration difference di-
minishes, and the equilibrium model complements. This is the condition
for high concentration NH3/H50 of low vapor qualities.

Both equilibrium and non-equilibrium models are necessary to cap-
ture a wide range of concentration difference, which mainly depends on
the fluid types and bulk concentrations. Macdonald and Garimella [29]
proposed to choose between equilibrium and non-equilibrium models
based on ATpy/Ahry. Moreover, considering the sharp slope of the
temperature glide shown in Fig. 1, the transition of the non-equilibrium
and equilibrium models is intrinsic for complete condensation. Webb
et al. [47] suggested to distinguish between non-equilibrium and equi-
librium models referring to Lewis number, Le, which is the ratio of
thermal diffusivity to mass diffusivity. According to this analysis, the
transition of the models depends on the concentration gradient of vapor
and is independent of Le.

The total heat transfer of condensation includes the latent heat and
sensible heat. The total heat transfer is driven by the temperature dif-
ference between the interface and cold wall for both models. The
interface is at saturated condition. The mass transfer of the equilibrium
model is not calculated directly, but is indicated by additional heat
transfer resistance. The interfacial concentration is the same as the
overall bulk concentration. The non-equilibrium model calculates the
concentration gradient of vapor. The interfacial concentration is
different from the overall bulk concentration.

The model is based on high-concentration NH3/H50 in PHEs. The
additional heat transfer resistance in Egs. (9)-(12) is originally derived
from experimental data[43]. The model is further validated and
analyzed in Section 2.5 [44]. The applicability range is presented in
Table 7. Since the model depends on the flow patterns in PHEs, it is
recommended for separated flow with noticeable shear force. As dis-
cussed in our previous work[40,42], the choice of frictional pressure
drop model depends on the two-phase density ratio, but is independent
of mass transfer resistance. Eq. (26) applies to pure fluids and mixtures
of large two-phase density ratios.

As presented in Supplementary material A, the geometrical param-
eters are involved in the single-phase correlations of heat transfer and
frictional pressure drop. The single-phase heat transfer is used for the
condensation correlation with the form of a two-phase multiplier. The
two-phase frictional pressure drop is composed of the values of single-
phase. The model is anticipated to cover most commercial PHEs with
hydraulic diameters and chevron angles spanning the range of 2-6 mm
and 25°-70°, respectively[40].

High-concentration NH3/H20 is the working fluid of the Kalina
cycle. The vapor quality range is in low and intermediate values [43].
According to the phase change mechanism, the condensation HTCs
approach liquid phase HTCs as the vapor quality becomes zero. How-
ever, the transition of high vapor quality condensation to vapor heat
transfer is not fully understood. It seems to be a combination of dropwise
condensation and convective condensation [1,34,51]. Because H5O
condenses preferentially, the temperature glide changes sharply for high
vapor qualities. The vapor mass transfer resistance is significant. The
condensation correlations should be used with concern for high vapor
qualities. The industrial applications use a large number of channels to
increase the capacity, so that the flow maldistribution becomes notice-
able. A flow distribution model is required to be coupled with the heat
and mass transfer prediction. Additionally, when used for absorption
energy storage, the heat and mass transfer is transient, and the time-
dependent prediction is necessary [35].
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Table 7
Applicability range of the combined model.
NH;3; MCs G x P
- kgmZs~! - kPa
>57 % 18-86 0.01-0.99 580—800

5. Conclusions

In this paper, the condensation of high-concentration NH3/H5O is
analyzed by discussing the transition from the non-equilibrium model to
the equilibrium model. A strategy is suggested to implement the com-
bined method. The main conclusions are below:

e Two-phase NH3/H20 is divided into the approximately-linear tem-
perature glide region and non-linear temperature glide region. The
non-equilibrium model applies to the non-linear temperature glide
region, while the equilibrium model is generally applicable to the
approximately-linear temperature glide region. The inlet conditions
of vapor and liquid are decisive to apply the equilibrium assumption.

e An equilibrium model is derived from the experimental data pre-
sented in a previous paper by the authors [43]. It is based on the
transition from convective condensation to gravity-controlled
condensation. The additional heat transfer resistance is quantified
considering the stratification effect. A non-equilibrium model is
developed using the condensation HTCs of the equilibrium model.
The heat and mass transfer of vapor are calculated to determine the
interface concentration.
Both equilibrium and non-equilibrium models are necessary for the
condensation of zeotropic mixtures spanning a wide range of vapor
qualities. The equilibrium model cannot predict the concentration
difference between the vapor interface and vapor bulk. As the vapor
concentration difference becomes zero, the phase change is only
driven by the temperature difference, and the mass transfer equation
should be excluded. For the low vapor qualities of mixtures with
large temperature glide, the interface concentration approaches
equilibrium concentration, and thus the equilibrium model is
bridged with the non-equilibrium model.

e A frictional pressure drop model is proposed for separated flow,
which is applicable to pure NH3 and high-concentration NH3/H2O.
Lower mass concentration increases the interface pressure drop
because of the larger two-phase density ratio and viscosity. The
sensitivity to mass concentration is quantified.
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