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The Effect of Operating Conditions on the Frost Formation in a Vertical Plate
at a Low Temperature
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Abstract

Frost Formation(2t4}), Energy Transfer Resistance (o \ A A= #)
Mass Transfer (€3

)R %)

In this study, the influence of a frost formed on the vertical plate for different operating
conditions{the temperature of the air, the humidity of the air, the velocity of the air, and the
temperature of the cooling plate) is investigated. The performance of the heat exchanger is

examined by introducing a parameter such as the energy transfer resistance. Correlations which

relate frost density, frost thickness and energy transfer resistance to Reynolds number, air

temperature and humidity, and cooling plate temperature are developed. Static pressure drop and
air flow rate are expressed as a function of free flow area of air.
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Fig. 1 Schematic diagram of the experimental apparatus
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Fig. 2 Side view of heat exchanger in the test section
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Table 1 Experimental conditions

Symbol Inlet air Inlet air Cooling plate | Initial inlet air
for each | temperature | humidity temperature velocity
condition c) (%) () (m/s)
Baseline BC 8 70.0 ~15 3.9
condition
ir t
Low air e.m.perature TL 5 86.1 ~15 39
condition
High air tf{n?perature TH 11 57.2 —~15 3.9
condition
Low air ¥‘lltlm1d1ty HL 8 60.0 ~15 39
condition
High air 'hfxmxdlty HH 8 80.0 -~15 39
condition
Low cooling ple?tf: PL 8 70.0 -2 39
temperature condition
High cooling plé\t.e~ PH 8 70.0 ~11 3.9
temperature condition
Low 1r}1t131 ml'et' air VL 8 70.0 ~15 1.1
velocity condition
ioh initial 3 -
Hig 1futxal mlle? air VH 8 70.0 —~15 6.2
velocity condition

constant thickness line

Fig. 3 The growth of the frost layer for the baseline
condition

off ulzl MelE: Wiz HudEs £57)9 ool T
ol 7l wWiolck, 28y}, Trammel 5L Az
Zo Wme $7) 259 d¥E A wH e

a2 slgdch

3.1.2 4737ie Hugxe 4%
Fig. 6ol 3 #al oAy F7le Hoig

a

—_—
g
£
B+t
-3
=
=
=
-~
—
2
T 20000 TL (Tawm= 5°C
1) cweoe BC 21‘.,..‘: 8°C
:_: asease TH (T, 1n=11°C
o A

o 200

Timéoo(min)
Fig. 4 Effect of air temperature on the frost thick-
ness

=7k 4239 4ol slAe de A,
3719 AdGErt BL4E A
REH, 427
zA940] 7|

To=z
Fig. 72 4443 Q70149 3719 Ay

N
s
>
T
ofj
R
s
bt
2
=
e
rr
o2
o
o
b
>
ok
pory
o



3310 o W<
200
&
EIEO
S|
=
Qloo -
wn
=
Q
~ o
Q9000 TL (Taun= 5°C)
43 oo qesgo BC (Tem= a°c;
E asasa TH (T in=11°C
<]
° L . L
o 50 . 100 . 150 200
Time (min)

Fig. 5 Effect of air temperature on the frost density

—
g

E P
—

Baf

I+

=]

—

=

=

=

e L

73 Qeeoo HL(RH, n=60%

& qooop BC Hoin=70%

] aasaas HH(RH, »=80%

=

o N 1

100 200
Time (min)

Fig. 6 Effect of air humidity on the frost thickness

200
L) 209000 HL(RH. 1n=60%
=1 capoo BC(RHa1n=70%
}D‘W r assas HH(RH.;n=80=%
2~
=
P
5100 L
w
=
Q©
=1
B sor
(=]
St
(<3
° .
[+ 0 . 100 . 150 200
Time (min)

Fig. 7 Effect of air humidity on the frost density

A3+ Reid 59 A& ¥A A
599 AEAHE 40E Aol

E;
)
-y
)
3
=
e

313 Jdze 5o 9@
Fig. 8ol Wzulel L7 Ael2e] 4ol )
At e A9, WAEY L5} 2 £

SEEREIESS
a8
—_
g eecoo PH (T,=—11°C {
= cesae BC (Ti=—15°C
81" sewas PL (T,=—26°C
o
q‘g w
£
o4
=
=
——
—
Szt
—
=)
05 100 - 200
Time (min)
Fig. 8 Effect of plate temperature on the frost thick.
ness
200
—
= 29000 PH (T,=—11°C
= asess BC (T;=—15°C
}o“’o [ aesaas PL (T,=—26°C
>
=
:;?noo - |
w2
2 =
fa =}
‘t;; 650 -
o
f
=
%o 8o > 200

. 100 . 150
Time (min)

Fig. 9 Effect of plate temperature on the frost den-
sity

3 4= wiE
Fig. 9ol =Ajstgiet, o] aglezie Wzmig

o AEH YAV, 2HY & A7 ol A
7 o

434 3B 4T ol Fdol M2z 5o

9 4% & o3arg Fig 10o] vhehwsich.
At 24 (Va=L1m/s) e 4%+ & 499
2 49 ol Bhas vehdid, o §37)
2¥Y AdFer AYHE 43719 ol oj$



A FAYAANA o] NG FHEAY 4T

—
g
g
~—
Bt
@
=
-
(=}
B
> r
172} 2900006 VI(Vaww=1l.1m/s
& copoo BC v.m_a om /s
; aasas VA(V,1n=6.2m/s
° S .
9 ) 150 200

Tu'ne (mxn)

Fig. 10 Effect of air velocity on the frost thickness

[
o
©

—
& ee0090 VL (Vamm=1.1m/s

=} sbosc BC (Vam=8.9m/s

}0150" aanas VH (Vaim=6.2m/s 1
o

=

s

=100 |-

172}

=

Q)

~

3 oor

[=]

S

(<)

° . . L
o ) _ 100 _ iso 200
Time (min)

Fig. 11 Effect of air velocity on the frost density

o} AlHoz 7 AREet
A gl 7] wEolch,

Fig. 11& 3719 $x59 wige] =& 425 2
=9 W3hE vebd Holeh JF37Y FE F
7Aebd Aelde dEst Fsbekgde oM@ 73%
& 7|Ee AFMIg AAZRH ole 37 W
of E45% ourdake] Fobx AF WF-9
ii:l‘ﬂﬂﬂ Z7tetgl7) whgelth A#E =279

22 A3 BE Ao YxE Ao wfiled
B*"’9-°3— Z7hdel, aed, ARE=Ae AL
ol 1008l Hstele A4 L=t 508 3
46}3i° weol Alerch z2e Aoz yelycl #

&z7A YA ole{d @A Hayashi 509
°l ZAg) upeh o] AAL x7lo] Vehte 4w
Bl doind Aoz Y7t

o] A& 3l de AAXE FHsH HYF
o] g FA BWFE drF oA Aol o
T Aoz el b33t 2o,

T.—12 3) (wa—3.710 . 10‘3>

ST PR

"’=1’441'(Ta—13f2 "\"w.=3.190 - 107

0.304
BRI "m0

3311

_ —14.4) [6.413-107°— w,
0s=10.297: ( —13. 3) (6 059-10-3—wa>
38.8+ T Re \%* _ ; (wake)
(45 yEs Tp) (Reo) 't @
99 5 Aol A7) A4E Frle) o) Fxo
Reynolds4-¢] st4z g3 722 ez FH
o},
A(Re, wa)—O 18+ (3.17 — wa/ wo) - (Re/ Rea) ™
fo(Re, we)=0.21+(3.14—wa/wo) - (Re/Reo—0.26)""

A1) # (9)+ HaA5H (least square method)—?_—
Agste] FE Aolwd, AYPHete] exE 10% A
9Jojct, (Af&=7, ¢=50ming 73T xﬂ&l) 2
5 A AL dYe oA 2k

5C < T.<11C

3.974 - 107 kguw/kga< wo<5.298 + 107 kgu/kga

—11C< Tp< —26C

50< ¢ <200 min

2700 < Re < 15200

Reo=9545;

we=4.636 - 107° (10)

32 olux|FmE
F712488 Aoz AdsEE oduAlE A (5)
of vk W A3 %ol s WA= olFoin 9l
ot LS5 94, 2Eln F yAREe
z7\o] wlad FAI Fadtu, a2 ofFelr 2
8] Fol FolEel AW ol FAReH W
Fig. 12&= #7719 €5, $5 283 £x59 ¥
Hol =g o< Hdatel AshE AG Bl
279 €57 245 duAARAL} AH F
ollLi?‘l fr&-o] E— e AR, AFE 279 A
£ Uz §49 B4 Zo] AHoz zeodd

*1 W3HE Mol Azt AA vebgeh olv ¢
Ho| Al A gl e} o] F7)9 £} FL AL
e Az A&t Fob 43 AAg
a7t AdH ez 27| wfolct, F7Y 27}
5245 iR FAHe) T g A,
A& dErt wa, FA7E ol AelFe] 7HA
E oURAAT Ao] 2opA T olUR $E5¢ B
Ak F719 AdsErt 80%e A (LEE
A7t 0% (F1E2=2) 9 o—ri‘:} 7'7]°“‘E %
o oux §42 pge,
A f&o] ZFLdE A2 1 gF]

i



3312 o] 4
1400
& Qoooo BC 00000 TL
E 1200 | QooooHL ey
asnasHH uxrnew VL

1
150

. 100
Time(min)

200

Fig. 12 The variation of total heat flux with respect

to time

5 A, 2FoE AF2AY A¢rch L %

U7 F4¢ depislch 2 ol%E neEzA
9 A 371 A Aol ouAAR X
Ade FsAL, e Ase HelFel T2
Baslol 52719 WrAn Aolel A H A

of g AHY HEolch, WrAwle LEF FE4
% ojuxAe 2] AR 2 gl olMiA F
42 ehdch

2olsh Q7 Abolold A3 4271 Aol
g oluA Aol ol w) Aeidol AR
Aoz A% Yo ol Hye Frleh A
2% Abolel dFol &% oluAYel Y A
Aelze Wel Al o AAESt 4379
sapol @ iRl B Aoz F4Ho
gloe} Hez vehiw g3t ek

12

k%

1 N Xr
Re——he N A T kf,eff R A

W A Fe dF iR Al
A e Axoix Agolth, 4 xrlelE
29 SA7 ohe ghol liN AL 4G F o
< o % oA Aol A ehAqt Alzke] A3k
et AEsb we Az wasd 4k
= wae) Aeoun Aol FAY Frheked
e &Lu} 09 el ool M gL A
2 Basn ded, oA 4O o
27} A4R oz Folske AL o)k

3¢ 9FEr)Y exe 4=, %, 2
W exe) Wbl W2 B9 WA Al
% AFRe)L AT Relth AT

=

(i

N

14, +

M2 W E

A X oo de e &
ot 2
_Q,o&qqs.:lorwoh‘
N T
T

PR
v
24
A

O L
] ©

REEREES

0.70
=
. .

(
°
3

°
o
)

°
»
=]

©
»
°

Energy transfer resistance
(=]
W
o

°
=
o

X 100 200
Time(min)

Fig. 13 The variation of energy transfer resistance
with respect to time

-]

2719 457 Fod AUz 4ol
27} woldgel oliAAR Age 2
% Q78719 LEF EE4E oA
ol& Azl
dre i7l agolch, WARls &

FAE /‘ial""l 3“5‘51 7]

1

N

g
oy P

32 al o |u
o alo b ot fr

- rir

]-n H o

o]'.l £ ¥

N

L "*H'n‘ oA A Aol 27| whol 2
AUAAY Ae 2Edh AuAD A
go AgszAel Agel vlad 2 ALEL A
St A4E Adel =5 g Azl 4
e Fol AAY Pl FAV 100%0] AAD
Folx oA AP Al wWstepe] WH$ #x,
A¢ goz Ak HaASWE olEFed 4
g UAAY ARe 2 FAHAAY Y42 B
Alehd g3t ek,

o

L
A A
5 357

-

Resens=0.1192(-ZeEALT). (1‘;:2;?,3}83)

(Tp+1 z) (R )0325

o] #, Reweaw® W€ T/Weleh 223 of
g9 Aedsle 4o Beh

(12)

5C < Tu<11C

3.974-107° kgu/kga < wa<
5.298-107° kgw/kge.

—11CT < Tp< —26C
2700< Re < 15200

Reo=9545 (13)



Ae ¢ARBAN Faol g 7

Demensionless air flow rate

0.8 —L
0.8 . 0.9 1.0
Dimensionless flow area

Fig. 14 The variation of dimensionless air flow rate
with respect to dimensionless air flow area

@

N

Demensionless pressure drop
B
N T T T T

*®

L

0.8 0.9 1.0
Dimensionless flow area
Fig. 15 The variation of dimensionless pressure drop
with respect to dimensionless air flow area

XN to
R jo 24
#Sm&
9, to
o f
&
o
of N
N
- 3
T o Ao
°
m& —
o “'1‘
:.10
S o
<)
.22
S
O

sl 7z+7b Fig. 14, Fig. 159} 7
<+ &3l A5 ‘4—3-4 d ot

alt) _ #) >_1. 473(a(t) )z

ma,o ao

(14)
4P(t) alh) ¥
o ) (15)

4 (14) st (149 HEH9E o4& 2o

—0.376+2, 848(

=51, 4-100, 4(““) )+5o o 24

0.7< ()<10 (16)

of W, rtan a0 22T, ARE RAHA B A
Hel 4] grlel Adsd, F719 F594d, 27
2 2aslA e ool shE Zo}aolnt,

=7 o8 3313

4.4 E

() 2719 W Apole] ALY ALL B
Js) 59l FoAe B %mm 3 e

2 ake 27t

(6) AeiBel 4%

b

o= .
S b

2,

_v_

(1) Reid, R. C,, Brian, P. L. T. and Weher, M. E.,
1966, “Heat Transfer and Frost Formation
Inside a Liquid Nitrogen — Cooled Tube,” 4. I
Ch. E.—J., Vol. 11., pp. 1190~1195.

{2) Trammel, G. J,, Little, D. C. and Killgore, E.
M., 1968, “A Study of Frost Formed on a Flat
Plate Held at Sub-Freezing Temperature,”
ASHRAE.]., Vol. 10, No. 7, pp. 42~47.

(3) Biguria, G., Wenzel, L. A., 1970, “Measurement
and Correlation of Water Frost Thermal Con-
ductivity and Density,” I & EC Fundamentals,
Vol. 9, No. 1.

(4) Schneider, H. W., 1978,
Growth Rate of Frost Forming on Cocled Sur-

“Equation of the

face,” International Journal of Heat and Mass



3314

Transfer, Vol. 21, No. 3, pp. 1019~1024.

(5) O'Neal, D. L., 1983, “The Effects of Frost
Formation on the Performance of a Parallel
Plate Heat Exchanger,” Ph. D. Thesis, Purdue
University.

(6) Kamei, S., Mizushima, T., Kifune, S. and Koto,
T., 1952, “Research on the Frost Formation in a
Low Temperature Cooler Condense,” Japanese
Science Review, Vol. 2, No. 3, pp. 317~326.

(7) Yamakawa, N. Takahashi, N., and Ohtani, S.,
1972, “Forced Convection Heat and Mass Trans-
fer under Frost Conditions,” Heat Transfer Jap.
— Res., Vol. 1, No.2, pp. 1~10.

(8) Ostin R. and Andersson S., 1991, “Frost
Growth Parameters in Forced Air Stream,” Int,
J. Heat and Mass Transfer, Vol. 34, No. 4/5, pp.
1009~1017.

(9) Varma H. K,, Charan V., and Scogappa P.,
1978, “Simultaneous Heat and Mass Transfer to

ol ;-

EEREESS

Flat Plate in Humid Air Stream under Frosting
Condition,” Letters in Heat and Mass Transfer,
Vol. 5, pp. 297 ~305.

(10) Hayashi, Y., Aoki, K., Adachi, S. and Hori,
K., 1977, “Study of Frost Properties Correlating
with Frost Formation Types,” ASME, J. Heat
Transfer, Vol. 99, No. 2, pp. 239~245.

{11) Neiderer, D. H., 1976, “Frosting and Defrost-
ing Effects on Coil Heat Transfer,” ASHRAE
Trans., Vol. 92, No. 1, pp. 467~473.

(12) Hayashi, Y., Aoki, A. and Yuhana, H., 1977,
“Study of Frost Formation Based on a Theoreti-
cal Model of the Frost Layer,” Heat Transfer,
Jap. Res., Vol. 6, No. 3, pp. 79~94.

(13) olzber, ofef3], #-¢%, 1994, “HA4zA

Al e gt daHsg o 3 2449, F

7123 - YegFgas=id, A6d, 235, pp

155~165.



