PROBLEM 3.56

KNOWN: Tube diameter and refrigerant temperature for evaporator of a refrigerant system. Convection
coefficient and temperature of outside air.

FIND: (a) Rate of heat extraction without frost formation, (b) Effect of frost formation on heat rate, (c)
Time required for a 2 mm thick frost layer to melt in ambient air for which h = 2 W/m?K and T, = 20°C.

SCHEMATIC:
Frost

k= 0.4 W/m K
p = 700 kg/m3
hgf=3.34 x 10° J/kg

Refrigerant

7;0 i =-18°C
ro=rn4 +9d
(026424 mm)
ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Negligible convection resistance for
refrigerant flow (Too,i = Ts,l) , (3) Negligible tube wall conduction resistance, (4) Negligible radiation

exchange at outer surface.

ANALYSIS: (a) The cooling capacity in the defrosted condition (8 = 0) corresponds to the rate of heat
extraction from the airflow. Hence,

o' =h27n (Teo-Ts1) ~100W/m? K (27x0.005m)(~3+18)° C

q'=47.1W/m <

(b) With the frost layer, there is an additional (conduction) resistance to heat transfer, and the extraction
rate is

Too,O —Isl Too,o_ s,1

Reonv +Reond  /(h27rp) +1In(rp /1y )/ 272k
For5<r, <9 mmandk =0.4 W/m-K, this expression yields

ql

50 . 0.4
E 2
= X
T N E 0.3
E 45 & A
8‘: § 0.2 \A\\A\ lo—|
-é 2 . lo—| i
o \ 2 [
g 40 = /@/
3 T 0.1 —
T ™ S
O ()
o \ £ o ®/
35 0 0.001 0.002 0.003 0.004
0 0.001 0.002 0.003 0.004 )
. Frost layer thickness, delta(m)
Frost layer thickness, delta(m)
—&— Conduction resistance, Rtcond(m.K/W)
— Heat extraction, gprime(W/m) —A— Convection resistance, Rtconv(m.K/W)

Continued...



PROBLEM 3.56 (Cont.)

The heat extraction, and hence the performance of the evaporator coil, decreases with increasing frost
layer thickness due to an increase in the total resistance to heat transfer. Although the convection

resistance decreases with increasing 9, the reduction is exceeded by the increase in the conduction
resistance.

(c) The time t,, required to melt a 2 mm thick frost layer may be determined by applying an energy

balance, Eq. 1.12c, over the differential time interval dt and to a differential control volume extending
inward from the surface of the layer.

Eindt = dEgt = dUjy

h(271L)(To,0 = T¢ ) dt = —hgf pdV = ~hgt p(277L) dr
N(T0 T ) o™ dt = ~phet jrrzl dr

3 5
. phst (r2—11) _ 700 kg/m (3.34><10 J/kg)(0.00Zm)
"(Too0 =T ) 2w/ m?.K(20-0)°C

ty, =11,690s =3.25h <

COMMENTS: The tube radius r; exceeds the critical radius re; = k/h = 0.4 W/m-K/100 W/m?K = 0.004
m, in which case any frost formation will reduce the performance of the coil.



