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Abstract

Air source heat pump water heater/chiller (ASHPWHC) units, a cooling and heating source for buildings becomes

increasingly popular. However, when such a unit is operated as a heating source under low ambient temperature in

winter, the formation of frost on the surface of its airside heat exchanger becomes problematic, leading to the deg-

radation of the heat exchanger’s performance or even the shutdown of a unit. Therefore it is necessary to have a detailed

investigation on the operational characteristic of the airside heat exchanger in an ASHPWHC unit under frosting in

order to optimize its structural layout, thus increasing its energy efficiency and operational reliability.

This paper first reports on the development of a distributed mathematical model of the airside heat exchanger under

frosting in an ASHPWHC unit. The model, firstly seen in open literature, consists of a frosting sub-model and a heat

exchanger sub-model. This is followed by an evaluation of operational characteristics of the airside heat exchanger

under frosting in an ASHPWHC unit using the model developed. In addition, the impacts of frosting on the operational

performance of an ASHPWHC unit were also evaluated. The discussions of optimizing the structural layout of finned

tubes used in an airside heat exchanger and improving defrosting control measures are also included in analyzing the

simulated results.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Air source heat pump water heater/chiller (ASH-

PWHC) units, a cooling and heating source for building

heating, ventilation and air conditioning (HVAC) sys-

tems, becomes increasingly popular. For example, cur-

rently, there are many ASHPWAC units, compared to

some years ago only a few, being used in commercial

districts in major cities in China [1]. However, when such

a unit is operated as a heating source under low ambient
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temperature in winter, the formation of frost on the

surface of its airside heat exchanger becomes problem-

atic, leading to the degradation of the heat exchanger’s

performance. These include lower heat transfer efficiency,

a higher airside pressure drop and a reduced heating

capacity. The formation of frost may sometimes even

cause the shutdown of a unit. Therefore it is necessary to

have a detailed investigation on the characteristic of the

airside heat exchanger in an ASHPWHC unit under

frosting in order to optimize its structural layout, thus

increasing its energy efficiency and operational reliability.

Currently, a substantial amount of literature is

available on frost properties and growth [2–4]. A large

number of experimental and theoretical investigations

on frost properties, the mechanism of frost growth, and
ed.
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Nomenclature

A area (m2)

a constant/coefficient

D diameter of pipe (m)

d moisture content (kg water vapor kg�1 dry

air)

Ds diffusivity of water vapor in air (m2 s�1)

F friction (Nm�1)

f friction coefficient

h enthalpy (kJ kg�1)

L fin height (m)

M mass

m parameter defined by Eq. (31)

_m mass flow/accumulation rate (kg s�1)

n number of row/element

p pressure (Pa)

Pr Prandtl number

Q overall energy transfer (W)

_q heat flux (Wm�2)

R gas constant of water vapor

Re Reynolds number

S distance (m)

Sc Schmidt number

T temperature (�C or K)
t time (s)

u velocity (ms�1)

v specific volume (m3 kg�1)

_w water vapor flux (kgm�2 s�1)

Xtt Lockhart–Martinelli parameter

x dryness fraction/coordinate

z coordinate

Greek symbols

k thermal conductivity (Wm�1 K�1)

d thickness/height (mm)

a heat transfer coefficient (Wm�2 K�1)
�a void faction

l dynamic viscosity (Pa s)

D difference

q density (kgm�3)

m kinematic viscosity (m2 s�1)

Subscripts

a air

d dry-out

e evaporation

f fin

fr frost

i ice/inside/inlet

L liquid phase

min minimum

o outlet

p pressure, pipe

PW pipe wall

r refrigerant

S surface

Sb sublimation of water vapor

Sp superheat

St saturation water vapor

t total

tp two phases

V vapor

q density

d thickness/height
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the heat transfer involved in frost growth have been

performed and reported for simple geometry heat

exchangers, such as tubule [5], annuli [6], cylinders [7,8],

flat plates and parallel plates [9–11]. However, for heat

exchangers with a more complex geometry, such as a

finned tube heat exchanger, the amount of literature

available is limited. The reasons for this may include the

very large number of variables involved, the complex

surface geometry of heat exchangers and the thermo-

dynamic properties of humid air and frost. Kondepudi

and O’Neal [12] reviewed the available literature on the

effects of frost formation and growth on finned tube heat

exchanger performance. Senshu and Yasdua [13,14]

predicted the performance of a cross-finned tube heat

exchanger on which frost occurred using a mathematical

model. However, since this model was built based on the

experimental data from only one type of heat exchanger,
its use cannot be generally extended to other types of

heat exchangers. Oskarsson and Krakow [15,16] showed

a finite model, a three-region model and a parameter

model for finned evaporator in dry, wet, and frosted

finned surface conditions, respectively. However, it was

assumed in these models that the heat transfer coeffi-

cients for both a wet and a frosted coil surface were the

same as that for a dry coil surface. This does not appear

physically meaningful. Furthermore, previous reported

experimental studies on performance evaluation for the

finned tube heat exchanger in an ASHPWHC unit under

frosting are not available in open literature. There has

been a lack of detailed models for analyzing frost growth

on finned tube heat exchangers which are in fact widely

used in ASHPWHC units. Therefore the performance

evaluation of airside heat exchangers under frosting by

using detailed model simulation has been limited.
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This paper first reports on the development of a de-

tailed distributed model for the airside heat exchanger

under frosting in an ASHPWHC unit. The distributed

model developed, firstly seen in open literature, consists

of a frosting sub-model and a heat exchanger sub-model.

This is followed by reporting an evaluation of the

operational characteristics of a frosted airside heat ex-

changer in an ASHPWHC unit under different ambient

conditions using the model developed. These include

frost formation and its distribution on the surface of the

airside heat exchanger, and their impacts on the opera-

tional performance of an ASHPWHC unit. Based on the

evaluation, the optimization of structural layout for

finned tubes used in an airside heat exchanger and the

measures for improving defrosting control so as to in-

crease the energy efficiency and operational reliability of

an ASHPWHC unit, are also discussed.
2. Model development

The model of can be divided into two sub-models,

i.e., a frosting sub-model and a heat exchanger sub-

model which consists of three modules for refrigerant

side, pipe wall and air side, respectively.

In developing the model, the following assumptions

have been made:

(1) Refrigerant in both liquid and gas phase is consid-

ered incompressible and in a thermal equilibrium.

(2) Refrigerant flows in one dimension along the heat

exchanger pipe axis.

(3) In the two-phase flow region at any cross-section per-

pendicular to refrigerant flow direction, the pressure

of liquid refrigerant equals to that of gas refrigerant.

(4) Both kinetic energy and potential energy are ne-

glected in energy conservation equation.

(5) The heat transfer by radiation between the moist air

and frost is negligible.

(6) The problem of frosting is assumed to be of the nat-

ure of quasi-steady-state.

(7) Frost is formed layer by layer. The density and ther-

mal conductivity of each frost layer are entirely

dependent on the interface temperature between air

and frost.

(8) A linear relationship between saturated air enthalpy

and air dry bulb temperature is assumed, with air

temperature ranging from )25 to 20 �C, i.e.,
ha ¼ aþ a1ta.
3. The frosting sub-model

The frost accumulation rate is determined by a loss of

water vapor in the air, as water vapor condenses on the

cold coil surface of an airside heat exchanger. It is ex-

pressed by
_mfr ¼ _maðdi � doÞ ð1Þ

Based on the physical change of frost in term of both

density and thickness, Eq. (1) can be rewritten as:

_mfr ¼ _maðdi � doÞ ¼
d
dt

ðdSqfrÞ ¼ qfr
ddS
dt

þ dS
dqfr
dt

ð2Þ

where dS and qfr denote frost thickness and density,
respectively. By this arrangement, the total amount of

water vapor approaching a frost layer for solidification

is now separated into two terms. The first term ðqfr ddsdt Þ
represents the amount of water vapor condensed con-

tributing to the increase of frost thickness, and the sec-

ond term ðdS dqfrdt Þ to the increase of frost density.
Therefore, the total mass flux can be given as

_mfr ¼ _md þ _mq ð3Þ

Kondepudi and O’Neal [17] used the following expres-

sion for the mass of water vapor diffusing through a

porous frost layer:

_mq ¼ AtDS
1� ðqfr=qiÞ
1þ ðqfr=qiÞ

0:5

" #
dqV
dx

ð4Þ

An empirical equation for the molecular diffusivity by

Ecker and Drake [18], used largely for water vapor in a

frosting process, was followed in the current study

DS ¼ 2:302ð0:98� 105=paÞðTS=256Þ1:81 � 10�5 ð5Þ

The water vapor on a frost surface can be described by

the ideal gas state equation ðpV ¼ qVRTSÞ because of its
substantially low partial pressure of water vapor ðpVÞ.
The following equation can therefore be derived:

dqV
dx

¼ 1

RTS

dpV
dTS

�
� pV

TS

�
dTS
dx

ð6Þ

The Clapeyron–Clausius equation is

dpV
dTS

¼ hSb
TSðvV � viÞ

ð7Þ

Substituting Eqs. (6) and (7) into Eq. (4) results in

_mq ¼ AtDS
1� ðqfr=qiÞ
1þ ðqfr=qiÞ

0:5

" #
1

RTS

� �

� hSb
TSðvV � viÞ

�
� pV

TS

�
dTS
dx

ð8Þ

On the other hand, the total energy transferred to the

frost layer includes sensible heat transferred from air

and the latent heat of solidification released by water

vapor as it diffuses into the frost layer and solidifies.

That is

_Qt ¼ Atkfr
dTS
dx

þ _mqhSb ð9Þ
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Combining Eqs. (8) and (9) yields

_mq ¼
_Qt

hSb þ
kfrRT 2S ðvV � viÞ

DS½hSb � pVðvV � viÞ� 1� qfr
qi

� �
= 1þ qfr

qi

� �0:5� �
ð10Þ

The frost density, qfr, in Equation (10) is affected by the
surface temperature of the airside heat exchanger,

ambient air temperature and relative humidity, air

velocity, and frosting time. The longer the frosting time

is, the greater the frost density will be.

When performing simulation, an initial density

would have to be assumed, and for each time step the

change of frost density and frost thickness may be

determined by:

Dqfr ¼ ð _mq=AtdfrÞDt ð11Þ

Ddfr ¼ ð _md=AtqfrÞDt ð12Þ

These increments are added to the values of frost density

and thickness, respectively, at the previous time step in

order to obtain the density and thickness at the present

computing time step. The thermal conductivity of frost

was evaluated by [19]

kfr ¼ 0:001202q0:963fr ð13Þ

4. The heat exchanger sub-model

The heat exchanger sub-model can be divided into

three modules. They are refrigerant side module, pipe

wall module and airside module, respectively. The de-

tailed descriptions of each of thesemodules are as follows.

4.1. Refrigerant side module

Two refrigerant flow regions exist inside airside heat

exchanger coil in an ASHPWHC unit: a two-phase re-

gion and a superheat region. In the two-phase region,

when the mass flow rate is high, annular flow exists if the

refrigerant dryness fraction x is below 0.95. The value of
x after a throttling valve is usually around 0.2, therefore,
annular flow dominates in the two-phase region.

4.1.1. Two-phase region (annular flow)

Applying both the mass and energy balances yields:

o

ot
½�aqV þ ð1� �aÞqL� þ

o

oz
½�aqVuV þ ð1� �aÞqLuL� ¼ 0

ð14Þ

o

ot
½�aqVhV þ ð1� �aÞqLhL� þ

o

oz
½�aqVuVhV þ ð1� �aÞqLuLhL�

¼ 4
Di

_qtp ð15Þ
where

_qtp ¼ atpðTPW:i � TeÞ

atp is the heat transfer coefficient in the two-phase
region. Because of the difference of heat transfer coeffi-

cients between wet wall region ð0:2 < x < xdÞ and dry-
out region ðxP xdÞ, they are evaluated, respectively, by
[20]

atp¼
arðxÞ 0< x6xd
arðxdÞ�½ðx�xdÞ=ð1�xdÞ�2ðarðxdÞ�aSÞ x> xd

	
ð16Þ

where

arðxÞ ¼ 3:4
1

Xtt

� �0:45
aL

aL ¼ 0:023ðkL=DiÞRe0:8L Pr0:3L

Xtt ¼
1� x
x

� �0:9 lL
lV

� �0:1 qV
qL

� �0:5

xd ¼ 7:943½ReVð2:03� 104Re�0:8V ðTPW � TeÞ � 1Þ��0:161

Applying the momentum balance and neglecting the

time item because of the fast transfer of momentum

yields

o

oz
½�aqVu

2
V þ ð1� �aÞqLu2L� ¼ � op

oz
� FPW:L ð17Þ

There are four unknown variables uV, uL, p, �a in Eqs.
(13), (14) and (16). In order to solve these equations, a

void faction equation must be added.

Currently, there exist four types of models for void

fraction, i.e., the uniformity phase model, the modified

slip ratio model, the modified Xtt model and the model

considering mass flow rate. In this study, based on the

calculation results using the current model and their

comparisons with the existing results from literature

[20], the modified Xtt model was selected from previously

reported studies, i.e.,

�a ¼ ð1þ X 0:8tt Þ�0:378 Xtt 6 10
�a ¼ 0:823� 0:157 lnXtt Xtt > 10

	
ð18Þ
4.1.2. Superheat region

Applying both the mass conservation and energy

conservation yields

oqSp
ot

þ o

oz
ðqSpuSpÞ ¼ 0 ð19Þ

o

ot
ðqSpiSpÞ þ

o

oz
ðqSpuSpiSpÞ ¼

4

Di
_qSp ð20Þ

where

_qSp ¼ aSpðTPW:i � TeÞ
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aSp ¼ 0:023Re0:8Sp Pr0:4Sp kSp=Di

The conservation of momentum requires

o

oz
ðqSpu2SpÞ ¼ � op

oz
� FPW :Sp ð21Þ

There are three unknown variables uS, p, Te in Eqs. (18)–
(20). Therefore, the three variables can be obtained by

solving the three equations.

4.1.3. Refrigerant-side pressure drop

Superheat region. The pressure drop in the superheat

region was calculated by [20]

DpSp ¼ fSp
qSpu

2
Sp

2Di
Dzi ð22Þ

where the friction coefficient fSp can be expressed as
follows:

fSp ¼
64=ReSp ReSp < 2320
0:3164Re�0:25Sp 23206ReSp6 8� 104
0:0054þ 0:3964Re�0:3Sp ReSp > 8� 104

8<
:

ð23Þ

Two-phase region. The refrigerant pressure drops in

the two-phase region is considered being related to the

pressure drops in both gas and liquid phase, and also to

refrigerant dryness fraction [21].

Dptp ¼ ½DpL þ 2ðDpV � DpLÞx�ð1� xÞ1=3 þ DpVx3 ð24Þ

where DpL and DpV are pressure drop for refrigerant
liquid and gas, respectively.

4.2. Pipe wall module

Applying the energy conservation equation yields

cp:PWMPW
oTPW
ot

¼ _Qa � _Qr ð25Þ

Because pipes and fins in the heat exchanger may be

made of different materials, an average specific heat for

pipe and fin ðcp:PWÞ is used as follows:

cp:PW ¼ cp:pMp þ cp:fMf
Mp þMf
4.3. Airside module

The mass conservation equation is

dð _madÞ
dz

¼ ðpDoÞ _w ð26Þ

The energy conservation equation is

dð _maiaÞ
dz

¼ ðpDoÞ _qa:t ð27Þ
where _qa:t is the total heat flux on airside, and can be
expressed by

_qa:t ¼
ðAo þ gfAfÞ

pDoDzi
aa:tðhSt � haÞ ð28Þ

where hSt is the saturated air enthalpy at the coil surface
temperature. The total heat exchange coefficient aa:t is
determined by the j factor method [22], as follows:

aa:t ¼
_majt

AminSc
2=3
a

ð29Þ

where

Sca ¼ ma=DS

jt ¼
1� 1280nRe�1:21

1� 5120Re�1:21

� �
½0:0014þ 0:2618� JP

� ð0:95þ 4� 10�5Re1:253 Þ� Sf
Sf � df

� �2

JP ¼ Re�0:42

Ao
At

� ��0:15

Re1 ¼
_maS2

Aminla
; Re2 ¼

_maDo
Aminla

; Re3 ¼
_maSf

Aminla

The fin efficiency under frosting was adopted from lit-

erature [23]

gf ¼
thðm 	 LÞ
m 	 L ð30Þ

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

cp:a=ðaa:s 	 a1Þ þ dfr=kfr
	 1

kf 	 df

s
ð31Þ

where the fin equivalent height L was calculated by [24]:

L ¼ Do
2
ðs � 1Þð1þ 0:35 ln sÞ

s ¼ 1:063S1=Do

The airside pressure drop was evaluated based on

Turaga [25]:

Dpa ¼ f
ð _ma=AminÞ2

2qa

At
Amin

ð32Þ

where

f ¼ 0:129ð _maDo
Aminla

Þ�0:227

Eqs. (1)–(32) form the complete distributed mathemati-

cal model for the airside heat exchanger under frosting

in an ASHPWHC unit. A forward-difference technique

with implicit time was employed in solving differential

equations when carrying out simulation.
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Fig. 1. A refrigerant distribution circuit containing 10 sub-

circuits.
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5. Model validation

An airside heat exchanger, with its detailed specifi-

cations shown in Table 1 and Figs. 1 and 2, has been used

for carrying out simulation using the distributed model

reported. The airside heat exchanger is made up of 16

refrigerant circuits as shown in Fig. 1. Each circuit con-

sists of 10 sub-circuits. As can be seen in Figs. 1 and 2,

there are four heat exchange rows in this heat exchanger.

The total length of each sub-circuit, as sketched in Fig. 2,

is 16 m. The heat exchanger simulated is divided into

many elements along the flow direction of refrigerant, as

shown in Fig. 3. The governing equations discussed

above can be applied to each of these elements.

Fig. 4 presents an example of the comparisons be-

tween the simulation results using the model developed

in this paper and the previous published experimental

results on frost accumulation per unit heat exchanger

area against operating time. The simulated operating air

relative humidity was 85%, ambient air temperature 1.5

�C, refrigerant evaporation temperature )7.5 �C and
wind velocity 3.3 m/s. It is seen that the simulated results

using the current model agreed well with the experi-

mental data [13], with a maximum error of 8.6% at 60

min.

Comparing the simulation results using the distrib-

uted model reported with those available in open liter-

ature for other operating parameters also suggests that

the model developed is valid. For example, the trends of

change in frost accumulation against time agreed well

with the existing experimental data and other simulation

results [8,10], and the simulated results of the frost

accumulation in different row locations (totally four

rows) under three different operating conditions also

agreed well with the previous experimental results by

others [26].
Table 1

Geometry details of the heat exchanger coil used in simulation

Item Name Material/number/

description

1 Tube material Copper

2 Fin material Aluminum

3 Fin form Ripple-fin

4 Number of tube row 4

5 Tube diameter and thickness u10 · 0.5 mm
6 Space of tube S1 25.4 mm

7 Space of row S2 22 mm

8 Fin pitch 2.0 mm

9 Fin coefficient 17.8

10 Fin thickness 0.2 mm

11 Single pipe length 16 m

12 Number of sub-liquid

refrigerant circuit

10

Row 1 Row 2 Row 3 Row 4

S
1

S2 S2S2

Air

Refrigerant

Fig. 2. Sketch of a sub-refrigerant distribution circuit.
6. Operational characteristics evaluation

The airside heat exchanger under frosting used in

simulation for operational characteristics evaluation is

the same as that used for model validation. The ambient

or operating conditions (i.e., Conditions A–F) used in
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Fig. 3. Division of pipe element in the flow direction of

refrigerant.
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simulations are given in Table 2. The properties of

refrigerant used in simulation are from literature [1].
Table 2

Ambient/operating conditions used in simulation

Condition Ambient air

temperature

(�C)

Relative

humidity

(%)

Air

flow(m3/h)

Evapora

temperat

(�C)

A 1.5 65 1061.3 )13
B 1.5 75 1061.3 )13
C 1.5 85 1061.3 )13
D )4 65 1061.3 )17
E )4 75 1061.3 )17
F )4 85 1061.3 )17
Examples of simulation results for major system

operational characteristics under frosting such as frost

accumulation, thickness and distribution on surface of

the airside heat exchanger under different ambient/

operating conditions, and for the impacts of frosting on

the operational performance of an ASHPWHC unit

under frosting, such as the total heat transfer and air-

flow resistance, are presented in Figs. 5–13.

Fig. 5 presents the simulated results for frost mass

accumulation against time and Fig. 6 the simulated frost

thickness against time under Conditions: A–C (wind

velocity 2.5 m/s), respectively. As can be seen in Fig. 5,

more frost will be formed on coil surface with the in-

crease of time; a higher air relative humidity would re-

sult in more frost accumulated. As shown in Fig. 6, the

frost thickness also increases with time elapsing; the

higher the air relative humidity, the faster the increase of

frost thickness. These are expected, since the driving

potential of mass transfer between air and cold coil

surface is greater at a higher air humidity. This helps

explain why an air source heat pump frosts severely at

high ambient humidity when operated in heating mode.
tion

ure

Degree of

superheat

(�C)

Condensing

temperature

(�C)

Degree of

subcooling

(�C)

Flow of

refrigerant

(kg/s)

5 50 5 0.0096

5 50 5 0.0096

5 50 5 0.0096

5 50 5 0.00816

5 50 5 0.00816

5 50 5 0.00816
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The trends of change shown in Fig. 5 agree well with the

existing experimental data and other simulation results

[8,10]. Furthermore, it is noted from Fig. 6 that the frost

thickness increases non-linearly with frosting time, fast

increase at the start and gradually slowing down after-

wards. This is because the density of frost at layers close

to tubes gradually increases with the time, as water

vapor penetrates and solidifies through these layers.
Figs. 7 and 8 illustrate the simulated frost mass

accumulation and frost thickness against time, respec-

tively, under Conditions B and E. It is seen in Fig. 7 that

at a higher air temperature, more frost is accumulated.

Fig. 8 shows that at 1.5 �C, it takes 60 min for frost
thickness to reach to 0.47 mm on heat exchanger sur-

face. However, at )4 �C, it would take 110 min to reach
the same thickness. Therefore, it may be concluded that

at a constant relative humidity, the higher the ambient

air temperature, the faster the increase of frost thickness.

This is obvious because air with a higher temperature at

a constant relative humidity contains more water vapor.

Fig. 9 depicts the effects of varying wind velocity on

frost formation. At a higher wind velocity, less frost

could be accumulated on coil surface, because the in-

crease of velocity results in a decrease of frost surface
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roughness and an increase in frost density, making the

penetration of water vapor into a frost layer more dif-

ficult. This is contrary to that in free convection as de-

scribed by Sami and Duong [4], but agrees with the

experiment results by Yan and Li [27]. Therefore, for an

ASHPWHC unit, increasing wind velocity would be a

method that may be considered to delay frost formation

and growth. However, this may increase the resistance

to air flow.

Fig. 10 shows the frosting rate in different row

locations (totally four rows) under Conditions D, E and

A, respectively. Row 1 is the pipe row located nearest

the wind inlet and row 2 the second, and so on. It can be
seen that the nearer a tube row is relative to the wind

inlet, the more the frost accumulation on it will be.

Table 3 presents the simulated results of the percentage

breakdown of frost accumulation on each of the four

rows. It shows that the frost accumulation was mainly

on the front rows of heat exchanger pipe, particularly in

the first row. For example, in Condition A, the frost

accumulation on the first and second row is already

77.8% of the total frost accumulation on the heat



Table 3

Percentage breakdown of frost accumulations on each of the

four rows

Condition Row

1 (%) 2 (%) 3 (%) 4 (%)

A 41.7 36.1 19.4 2.8

D 40.7 37.1 18.5 3.7

E 39.5 32.3 25.4 2.8
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exchanger surface, of which 41.7% is on the first row. On

the contrary, the frost accumulation on the back rows is

relatively insignificant, 19.4% on the third and 2.8% on

the fourth row, respectively. This agrees well with the

previous experimental results by others [25]. Therefore, a

staged fin-coil heat exchanger is considered superior to

that of equivalent fin pitch coil for an ASHPWHC unit

under frosting in heating mode. Also currently, the

temperature sensors used for defrosting are evenly dis-

tributed over rows of an airside heat exchanger. There-

fore uneven distribution of these temperature sensors,

i.e., more sensors on the front rows, is suggested.

Fig. 11 presents the simulated airflow rates against

time under Conditions A, B and C, respectively. The

following can be observed:

• Airflow rate decreases rapidly with increased frost
accumulation; the decreasing trend is strongly af-

fected by air relative humidity.

• The higher the ambient air humidity is, the more rap-
idly the airflow rate decreases. For example in Condi-

tion C, when the unit was operated for 30 min, air

flow is reduced from 1062 to 620 m3/h and the net

air flow reduction is 441 m3/h which is 42% of the

total airflow rate. In Condition B, the net air flow

reduction of 322 m3/h is 30% of the total airflow rate.

However, in Condition A the net air flow reduction

of 216 m3/h is only 20% of the total airflow. These

are considered to have been caused by different frost

thicknesses under different ambient conditions, as

shown in Fig. 6.

Fig. 12 shows the simulated total heat transfer of the

airside heat exchanger against time under Conditions

A–C, respectively. It is found that the total heat transfer

will be reduced with the increase of frost thickness; the

higher the relative humidity, the faster the reduction of

the total heat transfer. This may be explained by the

fact that a thicker frost formation on heat exchanger

surface leads to a greater reduction of airflow rate and a

higher heat transfer resistance, thus resulting in a

greater reduction of the heat exchange coefficient,

leading to a reduced total heat transfer, at a higher

relative humidity.

As the time elapses, with more frost accumulated on

the surface of a heat exchanger, the heat exchange
coefficient may be significantly reduced, and heat

transfer efficiency is severely deteriorated, so that the

total heat transfer is decreased. Therefore, if the air flow

rate is reduced to a certain value (e.g. 60% of the initial

air flow rate), defrosting will be required. As can be seen

in Fig. 10, using 60% of the initial air flow rate as a

default, defrosting is required when the unit is operated

for 30 min under Condition C and for 55 min under

Condition B. This demonstrates that when the same

ASHPWHC unit is operated in different climatic re-

gions, the setting of defrosting interval should be varied.

Clearly, the current defrosting control of using a unified

time constant for units to be used in different climatic

regions is not appropriate.

Fig. 13 indicates the airside pressure drop against

time under Condition A–C, respectively. The following

can be observed:

• Airside pressure drop increases rapidly with increas-
ing frost accumulation. This is because that the

increased frost thickness leads to a narrower fin

pitch and a smaller air flow passage area and;

hence, the air velocity and pressure drop greatly in-

crease.

• The higher the air relative humidity is, the more rap-
idly the air pressure drop increases. It could be ex-

plained by the fact that moisture content increases

with the increase of relative humidity at a constant

air temperature, and therefore more frost is accumu-

lated. For example, when the ASHPWHC unit was

operated for 30 min, frost thickness is 0.46 mm in

Condition C, 0.34 mm in Condition B, and 0.23

mm in Condition A. Hence, this causes different air

pressure drops in the three operating conditions, i.e.

54.4, 30.7 and 15.8 Pa in Condition C, B and A,

respectively.

• Under the three different conditions, the same air
pressure drop will be resulted from the same thick-

ness of frost, as shown in Fig. 6. For example, in

Fig. 6, it takes 15 min for the frost thickness to reach

0.3 mm in Condition C, 24 min in Condition B, and

56 min in Condition A, respectively. On the other

hand, in Fig. 13, 15 min elapsed when air pressure

drop is 56.6 Pa in Condition C, 24 min in Condition

B and 56 min in Condition A, respectively. This

proves that frost thickness is a primary factor affect-

ing airside pressure drop.

From the detailed analysis of the simulated results

shown in Figs. 5–13, it can be observed that the

defrosting methods currently used, i.e., time control in

an ASHPWHC unit may have to be modified based on

the simulated results of the mechanism of frost thick-

ness increase. For example, if the defrosting time

interval is set based on Condition C, then for Condi-

tions B and A, defrosting will be started ahead of the
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scheduled starting time, leading to unnecessary defrost-

ing and a low efficiency. On the other hand, although

time-temperature control is adopted in certain ASH-

PWHC units, the same defrosting starting time and

intervals are used even they are intended for use in dif-

ferent climatic regions. Therefore, their actual defrosting

effects would be dependent on ambient conditions such

as air temperature, relative humidity, etc. It is therefore

realized that only when an accurate prediction of frost-

ing mechanism on the airside heat exchanger in ASH-

PWHC units is obtained, can the optimal defrosting

effects be obtained.
7. Conclusions

A distributed model of the airside heat exchanger

under frosting in an ASHPWHC unit has been devel-

oped and validated using previous experimental data

available in open literature. The operational character-

istics of the airside heat exchanger under frosting in an

ASHPWHC unit and their effects on unit’s performance

have been investigated by using the distributed model.

The following conclusions may be drawn:

• The mathematical model developed for an airside ex-
changer under frosting in an ASHPWHC unit is en-

tirely distributed and, derived from mass, energy

and momentum conservations, so it can be applied

to various types of finned tube heat exchangers hav-

ing different fin configurations.

• The frost formation/growth varies with ambient con-
ditions. At a constant air temperature, the higher the

air relative humidity, the more serious the frost for-

mation, and the shorter the defrosting interval. At

a constant air relative humidity, the frost formation

is more serious at a high temperature than that at a

low temperature when operated in heating mode

below a certain air temperature above which frosting

may not occur.

• With the increase of frost accumulation, the total air-
side heat transfer and airflow rate will decrease, and

air flow resistance increases. The optimal defrosting

time interval is evaluated, which is firstly seen in open

literature.

• The nearer the tube row is relative to the wind inlet,
the more the frost accumulation on it will be, i.e.,

frost accumulation is mainly on the front rows of

heat exchanger pipe, particularly in the first row.

All these are expected to be useful in helping optimize

the structural layout and improve defrosting measures

of an airside heat exchanger under frosting in ASH-

PWHC units, thus, increasing its energy efficiency and

operating reliability.
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