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a b s t r a c t 

This paper investigates NH 3 condensation in a plate heat exchanger by visualizing the flow patterns and 

measuring heat transfer coefficients and frictional pressure drop. Visualization experiments were con- 

ducted between 20 and 100 kgm 

−2 s −1 . Full film flow takes place at large mass fluxes and intermediate 

mass fluxes of low vapor qualities, while partial film flow occurs at small mass fluxes and intermediate 

mass fluxes at high vapor qualities. The heat transfer and frictional pressure drop experiments cover the 

mass fluxes of 21~78 kgm 

−2 s −1 , the averaged vapor qualities of 0.05~0.65 and the saturated pressure of 

630 to 930 kPa. Vapor qualities have significant influences on heat transfer and frictional pressure drop. 

In the tested ranges, the effect of mass fluxes is noticeable on frictional pressure drop, but is moderate 

on heat transfer. The impact of saturated pressure is small. The heat transfer reflects the change of flow 

patterns. The frictional pressure drop shows the characteristics of separated flow. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In recent decades, the utilization of low grade heat attracts in-

reasing interest given its enormous amount and easy availability.

he main resources include solar energy, geothermal energy, the

old energy of LNG, waste heat of industry and seawater (the tem-

erature difference between warm surface seawater and cold deep

eawater). The conversion of low grade heat to shaft power can be

eached by Organic Rankine Cycles or Kalina Cycles, and is usually

mplemented in large plants to improve the financial return [1,2,3] .

imited by the small driving temperature difference, large amount

f heat needs to be transferred, which requires highly efficient heat

xchangers and large charge of working fluid. The heat exchanger

ffectiveness dominates the overall cycle efficiency. 

NH 3 has favorable transport properties and large latent heat.

late heat exchangers (PHEs) can handle large flow rates and have

arge heat transfer areas per unit volume. The combination of PHEs

nd NH 3 is promising for large and intermediate heat loads. The

ompact structures reduce the charge of working fluid and other
∗ Corresponding author. 
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quipment investments. PHEs are widely used given their superior

eat transfer performance [4,5,6,7] . 

PHEs mostly have hydraulic diameters of 2~5 mm [8] , which are

lose to the critical diameters of micro or mini channels [9] . The

ransition from macro-channels to micro-channels happens when

urface tension dominates over gravity. It is determined by chan-

el sizes and fluid properties. The large surface tension of NH 3 en-

ances the micro-channel characteristics during the condensation

n PHEs [10] . In the confined channels, the relative magnitudes of

urface tension, gravity and shear force differ from those in large

mooth tubes. The two-phase interface and wetting characteris-

ics are consequently different. Heat transf er and frictional pres-

ure drop are functions of the occurring flow patterns. NH 3 con-

ensation in PHEs needs to be investigated for what concerns the

echanism of energy and momentum transport. 

The flow patterns in PHEs have been experimentally inves-

igated by several researchers. These studies are summarized in

able 1 . This paper is focused on two-phase vertical downward

ow, which is the common flow direction of condensers and ab-

orbers. Tao et al. [11] presented a detailed overview of previous

tudies up to 2018. More recently, Buscher [12] carried out visu-

lization experiments on air-water flowing in a PHE horizontally,

ertically upward and downward. The flow direction takes effect

nly at small mass flow rates. During vertical downward flow, big
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. 
Nomenclature 

Symbols 

A actual heat transfer area [m 

2 ] 

c p specific heat capacity [Jkg −1 K 

−1 ] 

d h hydraulic diameter [mm] 

d p plate thickness [mm] 

g gravitational constant [ms −2 ] 

G mass flux [kgm 

−2 s −1 ] 

h enthalpy [Jkg −1 ] 

L p port-to-port plate length [mm] 

ṁ a mass flow rate [kgs −1 ] 

Nu Nusselt number [-] 

P pressure [kPa] 

Pr Prandtl number [-] 
˙ Q heat flow rate [W] 

Re Reynolds number [-] 

T temperature [ ◦C] 

U overall heat transfer coefficient [Wm 

−2 K 

−1 ] 

v specific volume [m 

3 kg −1 ] 

x vapor quality [-] 

Greek symbols 

α heat transfer coefficient [Wm 

−2 K 

−1 ] 

β chevron angle to flow direction [ °] 
� difference 

ρ density [kgm 

−3 ] 

λ thermal conductivity [Wm 

−1 K 

−1 ] 

Subscripts 

a ammonia 

after after cooler 

av averaged 

de deceleration 

ele elevation 

exp measured value 

fri frictional pressure drop 

G gas or vapor 

in inlet of test section 

L liquid 

mix mixing process 

out outlet of test section 

port ports of test section 

sat at saturated conditions 

test test section 

tube connected tube 

w water 

wall plate wall 

bubbles stagnate behind the contact points when the mass flow

rates of liquid and vapor are very low. Injection nozzles were spe-

cially designed to promote uniform two-phase distribution across

the channel width. The homogeneous void fraction model is cho-

sen to predict the transition among bubbly flow, intermittent flow

and full film flow. The bubble breakage determines the transition

among roundish bubbles, irregular blob-like bubbles and stagnant

gas phase. The bubble breakage is modelled according to turbu-

lent kinetic energy. Slug flow and churn flow are not observed.

Buscher’s [12] flow pattern model excludes phase change and mass

transfer. Jiang and Bai [13] visualized air-water flow in a capsule-

type PHE, and found that the main flow patterns are film flow,

plug flow and churn flow. They proposed transition criteria of the

flow patterns. Film flow changes into plug or churn flow when the

waves grow large enough to block the gas core. It happens when

the liquid flow rate increases and occupies larger flow area. Con-
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Fig. 1. Diagram of the experimental setup including the working fluid cycle, cold water cycle and hot water cycle. 
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equently, the gas pressure decreases. The pressure at the bottom

f the waves is larger than at the top, enlarging the waves. Plug

ow changes into churn flow when the breaking forces dominate

ver coalescence forces, which are determined by turbulence and

urface tension, respectively. 

In general, the visualization experiments of PHEs mostly used

ir-water and were without phase change. The flow patterns of

ondensing NH 3 are different because of the distinct two-phase

ensity ratio and surface tension in comparison to air-water. Ad-

itionally, the vapor qualities decrease from the inlet to the outlet

uring diabatic flow, gradually changing the flow patterns. 

Despite the promising performance of PHEs in NH 3 systems, the

esearch on condensation is limited. The condensation of HFCs, hy-

rocarbons and HFOs in PHEs has been widely investigated by ex-

eriments, but reports on NH 3 data are scarce [8] . NH 3 is char-

cterized by large thermal conductivity, surface tension and latent

eat. The heat transfer and frictional pressure drop correlations de-

ived from HFCs or hydrocarbons are hardly applicable for NH 3 .

he deviations depend on the channel sizes. These correlations

ver-predict the experimental heat transfer coefficients (HTCs) of

 large diameter tube (8 mm), but under-predict the HTCs of small

iameter tubes (0.98, 1.44 and 2.16 mm) [14,15,16] . 

This paper investigates NH 3 condensation in PHEs and presents

he experimental data of two-phase flow resulting from the dis-

inct fluid properties of NH 3 . Sections 2 and 3 describe the exper-

mental setup and methods. Section 4 discusses the flow patterns

ncluding full film flow and partial film flow. In Section 5 , the ex-

erimental results of heat transfer and frictional pressure drop are

nalysed based on flow patterns. The flow patterns give insight

nto the characteristics of separated flow and reveal the physical

rocesses during NH 3 condensation in PHEs, and in this way form

he basis to develop mechanistic models of HTCs and frictional

ressure drop. 

. Experimental setup 

The experimental setup was originally built as an ocean thermal

nergy conversion system, and can operate as Organic Rankine Cy-

le or Kalina Cycle with NH 3 and NH 3 /H 2 O, respectively. The setup

s composed of a working fluid cycle, a hot water cycle and a cold

ater cycle. 

.1. Working fluid and water cycles 

Fig. 1 shows the process flow diagram. NH 3 is heated by hot

ater in an evaporator, where it is partially evaporated. The two

hases flow into a separator, after which the vapor flows through
n expansion valve with the pressure being reduced. The liquid is

ubcooled in a recuperator and flows through an expansion valve.

he two phases are controlled to be at the same pressure and mix

p before entering the test section. The fluid is partially condensed

n the test section by the cold water, and then is subcooled in an

fter cooler. Afterwards, it flows into a buffer tank. The liquid level

n the buffer tank decreases for large mass flow rate, providing

he upper limit of the mass flow rate. A variable speed diaphragm

ump controls the flow rate of the NH 3 . Diaphragm pumps are

uitable for corrosive fluids like NH 3 , and are able to cope with

avitation. In order to reduce the fluctuation of flow rate and op-

rating pressure, a damper filled with nitrogen is installed at the

utlet of the working fluid pump. The mass flow rate becomes un-

table for small values, limiting the lowest mass flow rate. Next,

H 3 flows through the recuperator into the evaporator. 

Three brazed plate heat exchangers act as the evaporator, recu-

erator and after cooler. A sight glass is inserted into the separator

o observe the liquid level. Two relieve valves are installed after

he pump and before the separator. These valves open when the

bsolute pressure is above 1600 kPa. The setup is wrapped with

 layer of insulation material of 20 mm, while the test section is

nsulated with two layers. 

The cold water cycle feeds both the test section and after cooler

n parallel. The cold water is pumped and separated to these two

eat exchangers. The water pump is a centrifugal pump. The in-

ets of the test section and after cooler have the same temperature

nd pressure, and share sensors. The flow rates of both lines are

easured to determine the heat transfer rate. Water is mixed in

 tank. The flow rate and temperature at the heat exchanger inlet

re controlled by the water pump and a refrigeration cycle. During

he experiments, the water side mass flow rate was close to the

aximum attainable value by the pump to increase this HTC. A

ID temperature controller is implemented to achieve the desired

ater temperature. The cold water cycle has a cooling capacity of

bout 60 0 0 W at 8 ◦C. 

The hot water cycle is composed of a tank, an electrical heater,

 centrifugal pump and sensors. The heat transfer rate to the evap-

rator is determined by the water flow rate and temperature glide.

he flow rate and temperature at the evaporator inlet are con-

rolled by the water pump and heater. The heater has a maximum

apacity of 60 0 0 W. 

.2. Measurement instrumentation 

Temperature and pressure are measured at several positions of

he set up. For simplicity, Fig. 1 only shows the sensors that are

elevant for the discussion of this paper. The temperature and pres-
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Table 2 

Specification of the sensors. 

Sensors Type Sensor uncertainty Range 

Temperature PT-100 ±0.05 ◦C 2 /50 ◦C 

NH 3 pressure Absolute ±0.05% FS 0/1000 kPa 

NH 3 pressure Gauge ±0.5% FS 0/1000 kPa 

Water pressure Gauge ±0.5% FS 0/250 kPa 

Differential pressure SITRANS P DS ±0.3% FS 1.6 /160 kPa 

NH 3 overall flow Coriolis ±0.2% RD 0 /0.02 kgs −1 

NH 3 liquid flow Coriolis ±0.2% RD 0 /0.013 kgs −1 

Water 

flow 

Turbine ±1% FS 30 

/3000 

Lh −1 

±7.2 Lh −1 a 

NH 3 density Anton Paar ±0.1 kgm 

−3 –

a These sensors have an uncertainty of ±1% FS in the full range. The measured 

value of F03 is kept almost constant at 432 Lh −1 during experiment. F03 is cali- 

brated in this range with an uncertainty of ± 7.2 Lh −1 . 
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sure of NH 3 are measured at the following positions: the vapor

and liquid inlets of the test section, as well as the outlets of the

test section and after cooler. The NH 3 pressure drop within the test

section is also measured. The overall and liquid mass flow rates of

the working fluid are measured at the inlet of the evaporator and

at the liquid line. The ratio of mass flow rates is used to check the

vapor quality at the test section inlet. The temperature and pres-

sure of the cold water are measured at the inlet and outlet of the

test section and after cooler, as well as its volume flow rate. Den-

sity is measured by D01 at the same location as the overall NH 3 

mass flow rate. When the setup is operated with NH 3 /H 2 O, the

density is used to determine the bulk NH 3 concentration. 

Table 2 lists the sensor features. The measurement system was

originally described by Tao et al. [17] , and was further modified

to improve the accuracy and to extend the measurement range.

Temperature is measured with four-wire PT-100 of high precision.

The uncertainty is ±0.05 ◦C in the operating ranges. NH 3 pressure

is measured by two types of sensors. P03 and P08 are absolute

pressure sensors, and the uncertainty is ±0.05% FS. The other NH 3 

pressure sensors are gage pressure sensors and have an uncertainty

of ±0.5% FS. The water pressure sensors are also gage pressure sen-

sors with ±0.5% FS uncertainty. The pressure drop of NH 3 within

the test section is measured by a differential pressure sensor of

± 0.3% FS uncertainty. The NH 3 mass flow rate is measured by

Coriolis type mass flow meters of ±0.2% RD uncertainty. The water

flow meters originally have an uncertainty of ±1% FS and consider-

ably contribute to the uncertainty of condensation HTCs. The water

flow rate was kept at the maximum value available by the pump

and was almost constant. F03 is specially calibrated in the tested

range and has an uncertainty of ±7.2 Lh 

−1 . The uncertainty of the

NH 3 density sensor is ±0.1 kgm 

−3 . 

Data are acquired and recorded with LabVIEW. It also imple-

ments control and safety protection. A program is developed to

analyze the measured data. In order to determine the steady state,

the time derivatives of all the measured data are calculated. Both

the slopes and amplitudes are assessed. Pressure and mass flow

rate fluctuate mostly after the working fluid pump, and are stabi-

lized by adjusting the damper. The steady state is kept for more

than 10 min, and the time averaged values are used for data re-

duction. 
m

Table 3 

Geometrical parameters of the test section. 

Plate 

number 

Port-to-port 

plate length 

In gasket 

plate width 

Heat 

transfer 

area 

Hydraulic 

diameter 

C

a

– mm mm m 

2 mm 

3 668 95 0.640 2.99 6
.3. Test section: gasketed plate heat exchanger and transparent plate

The test section is a gasketed plate heat exchanger (GPHE) with

he plate number adjustable. In order to avoid the flow maldistri-

ution among channels, the GPHE consists of three plates forming

wo channels during the experiments. Only one plate is effective

or heat transfer. NH 3 flows vertically downward in one channel,

hile cold water flows upward in the other channel. These three

lates are pressed by frame plates from both sides. Fig. 3 illustrates

he plate of the GPHE, and Table 3 gives the geometrical parame-

ers. Tao et al. [11] define these parameters. The GPHE is assembled

rom Alloy 316 plates and EPDM gaskets to be compatible with

H 3 . 

The plate has triangular inlet and outlet areas, where flow

s distributed from the inlet port or into the outlet port. The

late surface is composed of sinusoidal corrugations, where the

rooves can be considered as branching sub-channels in parallel.

he grooves on one plate have an opposite direction with those on

he adjacent plate. Fluid flows along the grooves, which is similar

o inclined downward flow. Meanwhile, the fluid also passes across

he grooves at the contact points of adjacent plates. 

As shown in Fig. 2 , a transparent plate is fabricated to visual-

ze the condensing flow. This plate has the same geometry as the

etal plates except that the plate thickness is 25 mm. The corru-

ated surface is replicated so that the flow patterns during conden-

ation are able to reappear. The visualization test section is com-

osed of two metal plates and the transparent plate. The frame

late adjacent to the transparent plate has three observation win-

ows. The visualization experiment is diabatic. The flow directions

f NH 3 and cold water are the same as during the heat transfer

xperiments. 

The transparent material is required to be machinable and com-

atible with NH 3 . Tao et al. [11] summarized the transparent ma-

erials used to manufacture PHEs applicable for air-water, which

re not compatible with NH 3 . Kim et al. [18] and Nakamura et al.

19] 3D printed transparent plates of small sizes. Lee et al. [20] fab-

icated a transparent plate with polycarbonate. da Silva Lima et al.

21] and Arima et al. [22] used sight glass to fabricate smooth

ubes and smooth plates for NH 3 visualization, but sight glass is

ot machinable. In order to test the compatibility, the samples of

everal polymers were immersed into liquid NH 3 . Polystyrene (PS)

as better compatibility compared with polymethylmethacrylaat

PMMA), polyvinylchloride (PVC), polycarbonate (PC) and tereph-

halate glycol (PETG). But PS may decay after long time operation.

eichsenring [23] and Leichsenring et al. [24] presented the details

f material selection and strength analysis. The transparent plate is

anufactured by glueing a layer of PS and a layer of PMMA. The PS

late contacts NH 3 , which has a thickness of 5 mm and was ma-

hined. The PMMA plate improves the mechanical strength. It is

0 mm thick and is pressed by the frame plate. The visualization

xperiment lasted for 2 weeks. After then, the transparent plate

tarted to decay so the experiment had to be stopped. 

Flow patterns were captured with a high speed camera from

he front, with a frame rate of 30 0 0 fps and a resolution of

024 ×1024 pixels. The transparent plate was wrapped with an

ED-strip on the sides circumferentially. The channel is well illu-

inated as shown in Fig. 2 (Right). 
hevron 

ngle 

Enlargement 

factor 

Channel 

gap 

Plate 

thickness 

Corrugation 

wavelength 

– mm mm mm 

3 ° 1.15 1.72 0.58 6.67 
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Fig. 2. Pictures of the experimental setup and visualization section. 

Fig. 3. Pictures of the stainless steel plate and transparent plate. 

3

 

t  

a  

q  

v  

a  

i  

t  

p  

o  

E  

W

h

h

Q

N  

 

�  

p  

i  

d  

I  

e  

m  

i  

i  

i  

a

�

�

�

�

�

4

 

d  

p  

A  

fi  

B  

v  

t  

c  

c  

m  

[  

i  

p  
. Data reduction 

In Eqs. (1) and (2) , the inlet and outlet NH 3 enthalpies of the

est section, h a, in and h a, out , are determined from the energy bal-

nce of the after cooler and test section. The inlet and outlet vapor

ualities are determined referring to Refprop 9.1 [25] . The averaged

apor quality is used to analyze the flow patterns, heat transfer

nd frictional pressure drop data. The inlet and outlet vapor qual-

ties are also used to illustrate the flow patterns. The condensa-

ion HTC, αa , is calculated using Eq. (3) . The condensation tem-

erature, T a , changes slightly from the inlet to the outlet because

f the frictional pressure drop. The water HTC, αw 

, is presented in

q. (4) [26] . It has been derived from H 2 O 

–H 2 O experiments using

ilson-plot method. 

 a,out = h a, 04 + 

˙ Q a f ter 

˙ m a, 01 

= h a, 04 + 

c p,w 

˙ m w, 04 ( T w, 07 − T w, 05 ) 

˙ m a, 01 

(1) 

 a,in = h a,out + 

˙ Q test 

˙ m a, 01 

= h a,out + 

c p,w 

˙ m w, 03 ( T w, 06 − T w, 05 ) 

˙ m a, 01 

(2) 

˙ 
 test = 

˙ m w, 03 c p,w 

( T w, 06 − T w, 05 ) = 

˙ m a, 01 

(
h a,i n − h a,out 

)
= UA 

( T a,in − T w, 06 ) − ( T a,out − T w, 05 ) 

ln 

T a,in −T w, 06 

T a,out −T w, 05 

= 

A 

1 
αa 

+ 

d p 
λ

+ 

1 
αw 

( T a,in − T w, 06 ) − ( T a,out − T w, 05 ) 

ln 

T a,in −T w, 06 

T a,out −T w, 05 

(3) 
wall 
 u w 

= 

αw 

d h 
λw 

= 0 . 275 Re 0 . 7 w 

P r 1 / 3 w 

320 ≤ R e w 

≤ 2600 (4)

Eq. (5) calculates the frictional pressure drop of condensation,

P fri,a , by subtracting the other components from the measured

ressure drop, �P exp , a . In Eqs. (6) and ( 7 ), the pressure drops of

nlet and outlet ports, �P inport, a and �P outport, a , are treated as sud-

en enlargement and sudden contraction of two-phase flow [27] .

n Eqs. (8) and ( 9 ), the deceleration pressure rise, �P de, a , and

levation pressure rise, �P ele, a , use the homogeneous two-phase

odel [27] . The mixing pressure drop, �P mix, a , regards the spray-

ng of liquid into vapor through orifices, and is calculated accord-

ng to Jankowski et al. [28] . The details of the calculation are spec-

fied in Tao et al. [26] . The frictional pressure drop of condensation

ccounts for more than 90% of the measured pressure drop. 

P f ri,a = �P exp ,a − �P inport,a − �P out port,a − �P mix,a 

+ �P de,a + �P ele,a (5) 

P in port,a = G 

2 
tube v L 

A tube 

A port 

(
1 − A tube 

A port 

)(
1 + 

v G − v L 
v L 

x 

)
(6) 

P out port,a = 

G 

2 
tube 

v L 
2 

(
1 

0 . 591 

− 1 

)2 (
1 + 

v G − v L 
v L 

x 

)
(7) 

P de,a = G 

2 ( v G − v L ) ( x in − x out ) (8) 

P ele,a = ρa v g L p (9) 

. Flow visualization results 

Visualization experiments of NH 3 were conducted at the con-

ensation pressure of 690 kPa. The flow patterns changed with va-

or qualities and mass fluxes. Only film flow has been detected.

ir-water experiments observed bubbly flow, slug flow, churn flow,

lm flow or the equivalent flow patterns [12,29,30,31,32,33,34] .

ubbly flow is known to be limited at large mass fluxes and low

apor qualities. The kinetic energy is strong enough to break up

he bubbles, and the bubble breakup overcomes coalescence. The

ondensing NH 3 in the present paper was below 100 kgm 

−2 s −1 . By

ontrast, bubbly flow of air and water happens above the overall

ass flux of approximately 100 kgm 

−2 s −1 [12,29,30,32,33] . Buscher

12] did not observe slug flow or churn flow, which is character-

zed by the phenomenon that the whole channel width is occu-

ied by gas or liquid periodically. In tubes, bubbles move faster
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Fig. 4. Full film flow with G = 81 kgm 

−2 s −1 and x av = 0.30 at the top, middle and 

bottom windows. The corresponding videos are included in the Supplementary ma- 

terials of the online version. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Schematic of full film flow. Indicating different kinds of waves. 

Fig. 6. Partial film flow with G = 43 kgm 

−2 s −1 and x av = 0.46 at the top, middle 

and bottom windows. The corresponding videos are included in the Supplementary 

materials of the online version. 
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with growing sizes, and coalesce more intensively. However, in the

corrugated channels, the centrifugal forces weaken bubble acceler-

ation and suppress two-phase separation. The slug or churn flow

in other researches is mainly attributed to the gas-liquid injection

[12] . 

The test section could not be insulated from the front, which

results in some heat leak. According to uncertainty analysis, the

heat leak has minor influences on vapor quality, but brings about

significant errors to HTCs. Thus the condensation HTCs cannot be

derived. The outlet vapor qualities are determined from the energy

balance of the after cooler, and are not influenced by the heat leak.

The inlet vapor qualities are based on the energy balance of the

test section, and are affected by the heat leak. The effect is small

since NH 3 has large latent heat. This has been checked making use

of the overall and liquid flow meters. 

4.1. Flow patterns 

The terms film flow and partial film flow are used in previous

papers. In order to clarify the wetting characteristics, in this paper,

full film flow describes the flow pattern for which the wall is com-

pletely wetted, while partial film flow indicates part of the wall is

dry. Film flow is the sum of full film flow and partial film flow. 

Fig. 4 shows the pictures of full film flow, which is similar to

annular flow in tubes. The videos of full film flow are provided in

the Supplementary materials of the online version of this paper.

Fig. 5 illustrates the distribution of liquid and vapor. Continuous

liquid film flows on the wall, while vapor core flows in the center

of the groove. Because of the corrugated groove, the two-phase in-

terface is rough even at low mass fluxes. Waves and ripples move

at the interface. The waves are dispersed with varying wavelengths

and amplitudes, and grow larger with increasing mass fluxes. Var-

ious flow phenomena are observed, and are shown in Fig. 5 . For

superposed waves, several waves interact with each other, making

the flow more chaotic. Continuous waves have connected waves

that flow at the same speed. These waves extend over adjacent

grooves. Periodic waves flow in the same paths and have almost

the same shapes. The rest waves are discrete and are independent

of the other waves. 

The waves gradually decrease in amplitude from the inlet to the

outlet. In the inlet region, the liquid and vapor are distributed into

adjacent grooves, and pass across grooves intensively. Additionally,

the vapor quality decreases along the flow direction, which reduces

the kinetic energy gradually. The vapor phase has larger velocity

than the liquid phase, and tears liquid droplets off the film. The

channel of the PHE is so narrow that droplets are easily deposited
n the other side of the wall. Consequently, no stable entrained

iquid droplets are formed in the vapor core. 

Fig. 6 shows partial film flow. It occurs when the liquid mass

ux is reduced. Less liquid is attributed to higher vapor quality or

maller mass flux. The liquid is not enough to wet the entire wall,

nd parts of the wall become dry. NH 3 has large surface tension,

hose influence becomes prominent in small diameter channels.

arge contact angles reduce the wetting ability, break up the liq-

id film and change the flow pattern [35] . Large surface tension

akes the liquid film discontinuous [36] . Additionally, surface ten-

ion tends to stabilize the flow and suppress the waves [37] . The

ideos of partial film flow are provided in the Supplementary ma-

erials of the online version. 

As shown in Fig. 7 , two types of dry zones coexist. In the first

ype, whole pieces of zones become dry, and the areas of these

ones increase with decreasing liquid mass fluxes. In the inlet re-

ion next to the port, liquid and vapor are distributed into the

arallel grooves. When the areas of these zones are small, dry

ones are located close to one edge of the plate, and have trian-

ular shapes. When these areas increase, the dry zones grow un-

il covering most part of the plate. In the second type, dry spots

re discretely distributed in the corrugated grooves. Under gravity

orce, these dry zones tend to appear at the top of the grooves.
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Fig. 7. Schematic of partial film flow. Indicating different types of dry zones. 
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Fig. 8. Schematic of liquid flow paths. The observed flow path is a combination of 

crossing flow and wavy longitudinal flow. 
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his flow is similar to stratified flow in inclined downward tubes.

he properties of the wall surface affect the fluid motion, and the

ow direction of the fluid changes when the surface is inhomo-

eneous [38] . The temperature distribution of the corrugated sur-

ace is slightly inhomogeneous because the cold water crosses the

ontact points and forms vortices in the grooves within the ad-

acent channel [39] . The variation of wall temperature makes the

iquid distribute unevenly. In both types, vapor condenses directly

t the wall. These zones seem to be covered with a thin conden-

ate layer, which makes it different from adiabatic flow. The layer

s so thin that the observation can be subjective and needs further

iscussion. Vapor condensates on the wall as long as the wall tem-

erature is below the saturated temperature [40,41] . During the

resent experiments, the inlet of the working fluid is in the two-

hase region and is not superheated. The averaged wall tempera-

ure is lower than the saturated temperature for more than 1 K.

heoretically, condensation takes place once the vapor is in con-

act with the wall. Moreover, the occurrence of condensation can

e proved from the opposite perspective. The dry zones become

neffective if condensation does not take place, and the heat trans-

er deteriorates because the effective area is reduced. However, the

eat transfer is enhanced for partial film flow. This will be further

iscussed in Section 5.1 . 

The waves for partial film flow are weaker than for full film

ow because of the smaller liquid mass flux. The liquid film of

artial film flow is relatively thin. Thin film tends to be laminar,

nd the structure of two-phase interface is smoother. Deposition

f entrained liquid droplets has been observed at the dry zones. 

.2. Flow paths and flow distribution 

Flow paths were originally used to describe the flow direction

f single phase flow [ [42,39] . During two-phase flow, the liquid

hase is traced by the movement of waves. Fig. 8 schematically

hows the flow paths of the liquid phase. Crossing flow goes from

ne side of the plate to the other side, and reflects at the edge

f the plate, changing direction. Waves are more intensive close to

he edge. Wavy longitudinal flow circles the contact points of two

djacent plates. The observed flow is a combination of both paths,

nd crossing flow is dominant. The liquid flows along grooves, and

radually goes across the grooves. The direction shifts downward.

he combined flow paths make the flow turbulent at small mass
uxes, so PHEs have larger HTCs and frictional pressure drop than

ubes. 

Buscher [12] and Tribbe and Müller-Steinhagen [32] traced the

ow paths of bubbles during bubbly flow. Crossing flow is domi-

ant with small chevron angles (30 °), while wavy longitudinal flow

revails with large chevron angles (60 ° and 75 °). The chevron an-

le of the plates used in this study is 63 °, and crossing flow domi-

ates during film flow. It is expected to be wavy longitudinal flow

f bubbly flow occurs. The difference between homogeneous flow

nd separated flow plays a role. Bubbly flow is considered as ho-

ogeneous flow, and is similar to single phase flow. Film flow is

eparated flow, and shows distinct characteristics. 

The maldistribution of liquid and vapor is more severe close to

he inlet port. The liquid phase has larger momentum than va-

or, and the flow splits among the grooves. Liquid preferentially

ows into the front grooves directly connected to the inlet port,

hile vapor is distributed into all the grooves. The flow distribu-

ion becomes uniform in the downward direction. The flow reflects

nd recirculates at the edge, which improves the two-phase distri-

ution. In the downward direction, the wave amplitudes decrease

nd the two-phase interface becomes smoother. Similar distribu-

ion was observed during the visualization of air-water flow with-

ut phase change [34] . 

.3. Flow pattern map 

Fig. 9 presents the flow pattern map plotted with the mass flux

nd vapor quality, which indicates the condensation process. The

ap includes the flow patterns at the inlet, middle and outlet of

he test section, which were observed from the three windows. The

ata points are assigned to the inlet, averaged and outlet vapor

ualities, respectively. These three flow patterns for each operat-

ng condition are connected by lines. The condensation is from the

ight end to the left end of the lines. The change of vapor qualities

s small. At large and small mass fluxes, the flow patterns remain

he same from the inlet to outlet, while the flow patterns change

n the flow direction for intermediate mass fluxes. 

Full film flow occurs at large mass fluxes or the combination

f intermediate mass fluxes and low vapor qualities. On the con-

rary, partial film flow is at small mass fluxes or the combination

f intermediate mass fluxes and high vapor qualities. Flow patterns

epend on the liquid mass flux. A certain amount of liquid is re-

uired to completely wet the wall surfaces, otherwise the thin liq-

id film breaks up. The minimum wetting mass flux depends on
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Fig. 9. Flow pattern map of condensing flow in the PHE, with the vapor quality 

decreasing from the inlet to the outlet. The flow patterns at the inlet, middle and 

outlet windows of the same operating condition are connected by lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Condensation HTCs with varying averaged vapor quality at different mass 

fluxes. 
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the surface tension, liquid density and liquid viscosity. The liquid

velocity distribution is not uniform especially for large contact an-

gles [43,44] . At intermediate mass fluxes of low vapor qualities,

partial film flow changes into full film flow from the inlet to the

outlet. These data points are considered to be in the transition re-

gion. The vapor quality decreases in the flow direction with in-

creasing liquid mass fluxes. Moreover, the flow distribution among

grooves becomes more uniform after reflection at the plate edges.

This phenomenon illustrates the influence of the inlet distribut-

ing region on flow patterns. Partial film flow occurs at small mass

fluxes. In the top window, dry zones are continuous and stretch.

In the middle and bottom windows, liquid tends to be distributed

among grooves uniformly. Dry spots are discrete in each groove. 

5. Experimental data and discussion 

Condensation experiments of NH 3 are carried out. The sensitiv-

ity of HTCs and frictional pressure drop to vapor qualities, mass

fluxes and saturated pressures is investigated. Because of the large

latent heat, the change of the vapor qualities is small, and the fol-

lowing discussion is represented with the averaged vapor qualities.

The measured HTCs and frictional pressure drop are considered to

be quasi-local. During the experiments, some data points were re-

peated by increasing and decreasing the heating capacity, respec-

tively. The repeatability is proved to be reliable. 

5.1. Heat transfer coefficient 

The condensation HTCs are large, and the corresponding heat

transfer resistances are relatively small compared with the water

side. In order to improve the measurement accuracy, the water

side mass fluxes were kept large to reduce the corresponding heat

transfer resistance. In the tested ranges, the ratio of heat transfer

resistance between the condensation side to water side has an av-

eraged value of 1.6. Additionally, the accurate measurement of the

heat duty requires large rise of the cold water temperature, whose

averaged value is 2.8 K during testing. HTCs larger than 30,0 0 0

Wm 

−2 K 

−1 are excluded because of their large uncertainty. 

Fig. 10 illustrates the HTCs variation with averaged vapor qual-

ities and mass fluxes. The saturated pressure is 690 kPa. It covers

the averaged vapor qualities of 0.05~0.65 and mass fluxes of 21~78

kgm 

−2 s −1 . Limited by the cooling capacity of the setup, higher va-
or quality cannot be obtained. HTCs increase sharply and almost

inearly with vapor qualities. For 42 kgm 

−2 s −1 , the HTCs increase

.5 times when the averaged vapor qualities rise from 0.2 to 0.65.

 slight rise of the vapor quality increases the volume flux no-

iceably. The transition of flow patterns has been observed during

he visualization experiments. With increasing vapor qualities, the

apor velocity increases and the film thickness decreases. Larger

hear force disturbs the two-phase interface and enhances the heat

ransfer. Moreover, at high vapor qualities, the liquid film is locally

xtremely thin. The vapor condenses directly on the wall and the

eat transfer resistance is small. Since NH 3 has a large two-phase

ensity ratio, the sensitivity to vapor quality is stronger than for

ther refrigerants such as R134a and R410A [45] . 

The influence of mass fluxes is not monotonic. HTCs decrease

lightly with mass fluxes in the range of 21~42 kgm 

−2 s −1 , and

ncrease moderately from 42 to 78 kgm 

−2 s −1 . It is attributed to

he change of flow patterns. At small mass fluxes, a part of the

all surface is dry due to small amounts of liquid. The vapor ve-

ocity is low, and only limited shear force is exerted on the two-

hase interface. Thus the liquid film is laminar. The condensation

rocess is divided into two parts. Some vapor condenses directly

n the wall, while other condenses on the two-phase interface

here the wall is wetted. Gravity-controlled condensation dom-

nates over convective condensation. For a certain vapor quality,

he portion of wetted surface increases with mass fluxes because

f more liquid. Consequently, the heat transfer resistance slightly

ncreases. At large mass fluxes, the wall surface is completely wet-

ed. Shear force is dominant, and convective condensation applies.

or a certain vapor quality, the mass fluxes of both vapor and liq-

id increase. Higher vapor velocities intensify shear force and pro-

ote ripples on the two-phase interface. On the one hand, the liq-

id film becomes turbulent with increasing mass fluxes. But on

he other hand, thicker liquid film increases the heat transfer re-

istance. As a consequence, HTCs increase moderately with mass

uxes at large values. In Fig. 10 , the averaged uncertainty of HTCs

s ±14.4%. The measurement uncertainty is contributed by tem-

erature sensors and flow meters. The temperature difference is

maller for higher HTCs, and the relative error becomes significant,

hich contributes prominently to the uncertainty propagation. 

In Fig. 11 , the influence of saturated pressure is shown at two

ass fluxes. The trends at these mass fluxes are similar, and only

he values at 52 kgm 

−2 s −1 are discussed. HTCs decrease slightly
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Fig. 11. Condensation HTCs with varying averaged vapor quality at different con- 

densation pressures. 

Fig. 12. Condensation HTCs with varying liquid and vapor mass fluxes. 
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Fig. 13. Frictional pressure drop with varying averaged vapor quality at different 

mass fluxes. 
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ith increasing saturated pressure, and become about 20% lower

rom 690 to 930 kPa. Higher saturated pressure has smaller two-

hase density ratio, and the shear force at the interface is reduced.

he thermal conductivity of liquid also decreases at higher pres-

ure. Despite the minor effect of saturated pressure, the influence

f vapor qualities is still significant. The averaged uncertainty of

TCs is ±14.1% according to the uncertainty analysis. 

Fig. 12 further presents the influence of liquid and vapor mass

uxes. The visualization experiments have indicated separated

ow. For this reason the two-phase mass fluxes are investigated

eparately. 

The slope of HTCs for a certain vapor mass flux is divided into

wo parts. HTCs decrease noticeably with increasing liquid mass

uxes at small values, and stay almost constant at larger values.

he liquid film is the main heat transfer resistance during conden-

ation. At small liquid mass fluxes, partial film flow applies, and a

art of the wall surface is not wetted. Vapor condensates directly

n the wall. The area of the dry zones decreases with increasing

mount of liquid, and the HTC decreases significantly. At a certain
alue, the wall gets completely wetted. It becomes full film flow.

urther increase of mass flux thickens the liquid film. Meanwhile,

he liquid flow becomes more turbulent. These two effects coun-

eract each other. Consequently, HTCs remain constant. The slope

f HTCs changes at the liquid mass fluxes of around 40 kgm 

−2 s −1 .

artial film flow has larger HTCs than full film flow. This confirms

hat condensation takes place in the dry zones and indicates that

ll the heat transfer area is effective during partial film flow. 

Larger vapor mass fluxes enhance the heat transfer. Higher va-

or velocities intensify the two-phase shear and thin the liquid

lm. The enhancement is larger for partial film flow. Droplet en-

rainment is promoted by the higher vapor velocities and tends to

ncrease the heat transfer. 

.2. Frictional pressure drop 

Fig. 13 shows the influence of averaged vapor qualities and

ass fluxes on frictional pressure drop. At certain mass fluxes, fric-

ional pressure drop increases almost linearly with vapor qualities.

he increase is sharper at large mass fluxes. When the averaged

apor qualities have an increment of 0.1, the frictional pressure

rop increases about 10 kPam 

−1 for 71 kgm 

−2 s −1 and increases 2

Pam 

−1 for 30 kgm 

−2 s −1 . The flow patterns have relatively small

nfluences on frictional pressure drop compared with heat trans-

er [20] . Both full film flow and partial film flow are separated

ows. Liquid and vapor flow separately and interact on the inter-

ace. The two-phase pressure drop is contributed by the follow-

ng shear forces: between the vapor and wall, between the liquid

nd wall and at the two-phase interface. The volume flux and av-

raged velocity increase significantly with vapor quality, and the

hear forces are greatly enhanced. 

Frictional pressure drop increases sharply with mass fluxes.

arger liquid mass flux thickens the film thickness and promotes

urbulence. Vapor phase has larger velocity than liquid and shaves

he two-phase interface. Larger vapor mass flux intensifies the

hear forces and dissipates the momentum intensively. In Fig. 13 ,

he averaged uncertainty of frictional pressure drop is ±15.0%. As

hown in Table 2 , the differential pressure sensor has high accu-

acy. But the pressure drop fluctuates due to the operation of the

orking fluid pump. An extra uncertainty of ±10.0% is included. In

rder to ensure the accuracy, frictional pressure drop values lower

han 3.5 kPam 

−1 are excluded. 
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Fig. 14. Frictional pressure drop with varying averaged vapor quality at different 

condensation pressure. 

Fig. 15. Frictional pressure drop with varying liquid and vapor mass fluxes. 
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Fig. 14 shows the sensitivity to saturated pressures. The influ-

ence is negligible at low vapor qualities, and becomes noticeable at

high vapor qualities. It is attributed to the change of vapor density.

Higher saturated pressure has insignificant effects on liquid den-

sity, but increases vapor density remarkably. At high vapor quali-

ties, higher saturated pressure decreases the averaged velocity be-

cause of the larger vapor density, and consequently reduces the

momentum dissipation. Frictional pressure drop has an averaged

uncertainty of ±14.2%. 

Fig. 15 shows the influence of liquid and vapor mass fluxes

separately, and both phases contribute to the frictional pressure

drop. At different vapor mass fluxes, the frictional pressure drop

increases with liquid mass fluxes, and the trend is similar. When

the vapor mass flux increases from 13.5 to 21.5 kgm 

−2 s −1 , the

frictional pressure drop more than doubles. In the same range of

liquid mass flux, the frictional pressure drop increases about 1.2

times. This is in agreement with the phenomenon of separated

flow. The vapor flow dominates the frictional pressure drop since

the large velocity intensifies the momentum dissipation. During

partial film flow, the trend lines with the variation of liquid mass

fluxes are slightly steeper than during full film flow. The frictional
ressure drop is less affected by the transition from full film flow

o partial film flow, while the transition has significant influences

n heat transfer. 

. Conclusions 

This paper experimentally investigates NH 3 condensation in

HEs, and the conclusions are summarized below. 

• In the tested ranges, the flow patterns are full film flow and

partial film flow. The transition mainly depends on the wetting

characteristics. Full film flow occurs at large liquid mass flux,

while partial film flow takes place at small liquid mass flux.

The inlet distribution also plays a role. The liquid is unevenly

distributed among grooves close to the inlet, and becomes uni-

form along the flow direction. 
• HTCs increase significantly with vapor qualities. HTCs decrease

with mass fluxes from 21 to 42 kgm 

−2 s −1 , and then increase

with mass fluxes in 42~78 kgm 

−2 s −1 . The transition is at the

overall mass flux of 42 kgm 

−2 s −1 . HTCs decrease slightly with

increased saturated pressures. Heat transfer is enhanced dur-

ing partial film flow since vapor condenses directly on the dry

zones. 
• Frictional pressure drop increases sharply with vapor qualities

and mass fluxes. Larger two-phase mass fluxes enhance the

shear forces at the interface and at the wall. Frictional pressure

drop slightly decreases with increasing saturated pressures. 

The HTCs and frictional pressure drop show the characteristics

f separated flow. The flow patterns result from the fluid proper-

ies of NH 3 and form the basis for the development of predicting

odels for NH 3 condensation in PHEs. 
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