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Psychrometrics
- Properties of Moisture Air

Psychrometrics is the relationship of the physical and
thermal properties of an air-vapor mixture.

Water vapor is moisture in the air. Dry air has nojmeisture.
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1. What is a dry bulb temperature?

— A. It is measured with an ordinary
thermometer.

— B. Itis independent of moisture.

— C. Itis located on the "X" axis of a
psychometric chart.

76

0°C DRY BULB 35 0C
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Important psychrometric properties

* Dry bulb temperature (DBT) is the temperature of the moist air
as measured by a standard thermometer or other temperature
measuring instruments.

e Saturated vapor pressure (p,,) is the saturated partial pressure
of water vapor at the dry bulb temperature. This is readily
available in thermodynamic tables and charts. ASHRAE
suggests the following regression equation for saturated vapor
pressure of water, which is valid for 0 to 100°C.

In(Psat) :%mz +e3T+c,T2 +¢sT3 +cgIn(T)

where psat = saturated vapor pressure of water in kiloPascals
T = temperature in K

The regression coefficients c1 to cs are given by:

¢y =-5.80022006E+03, c; = -5.516256E+00, c; = -4.8640239E-02
Cs=4.1764768E-05, c5s = -1.4452093E-08, ¢ = 6.5459673E+00
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(absolute humidity)?

— A. Itis the ratio of the weight of moisture
contained in 1 Ib. (or kg) of dry air.

— B. Itis the lbs. water / lb. of dry air.
— C. Itislocated on the “Y" axis of the chart.

.030

.000


http://www.nctu.edu.tw/

@ 2347

. What is the saturation curve?

— A. It includes the wet bulb and dew point
temperatures.

— B. It completes the psychrometric chart
outline.

Saturation Curve
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4. What is the wet bulb temperature?

— A. The temperature at which an
equilibrium exists between an air-vapor
mixture and water.

— B. Itis dependent on moisture in the air.

— C. Values are on the saturation
curve. 300

— D. The lines slope 250
downward to the 20°

X" axis. 150
10°
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CEPSRE § , ,
Adiabatic saturation and

thermodynamic wet bulb temperature

Perfect insulation

* ﬁ
Moist air | | Moist air
t1,W1,p | t2=W2:P

i it

Make-up water
(W2-W,) per kgda
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Wet-Bulb Thermometer

Wet wick
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Basic gas laws for moist air

I‘I1R T I‘IzRuT ﬂg,RuT

Pq1= V y P2 = V , P3 = V

where nq,ny,N3,... are the number of moles of gases 1,2,3, ...

Applying this equation to moist air.
P=Pt =Pa tPvy
where p = px

Pa
Pv

total barometric pressure
partial pressure of dry air
partial pressure of water vapour
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Calculation of psychrometric
properties-from-p;-DBT-and-WBT

i) Modified Apjohn equation:
., 1.8p(t-t)
ii) Modified Ferrel equation:

1.8t
Py = py —0.00086p(t — t )[1+ 1571}

ili) Carrier equation:
1.8(p —py)(t-t’)

Pv =PV = 5800-1.3(1.8t + 32)
where t = dry bulb temperature, °C
t =wet bulb temperature, °C
p = barometric pressure
Py = vapor pressure

Py = saturation vapor pressure at wet-bulb temperature
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5. What is dew point?

o A. Itis the temperature at which condensation
occurs as heat is removed from an air-vapor
mixture.

e B. The answer is read on the saturation curve
horizontally to the left of the
point where the dry bulb ancx
wet bulb meet.

30°

20°

10°



http://www.nctu.edu.tw/

ﬂazﬁf§

Natioyal Chiao Tur ng Uni

* Dew-point temperature: If unsaturated moist air is cooled
at constant pressure, then the temperature at which the
moisture in the air begins to condense is known as dew-

point temperature (DPT) of air. An approximate equation
for dew-point temperature is given by:

DPT — 4030(DBT +235) 235

4030 — (DBT +235)In¢

where @ is the relative humidity (in fraction). DBT & DPT
are in °C.

* Degree of saturation p: The degree of saturation is the
ratio of the humidity ratio W to the humidity ratio of a
saturated mixture W, at the same temperature and

pressure
l_]_ =



http://www.nctu.edu.tw/

(® Mz3dry
6. What is absolute humidity?
(humidity ratio)

e A. Itis the weight of water vapor in 1 kg of
dry air (kg). (normally with g/kg dry air)

e B. Itis also called Humidity Ratio or Specific
Humidity.
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7. What is relative humidity?

o A. Itis the ratio of actual pressure of
water vapor in the air to the pressure if the
air were saturated and with a constant
temperature.
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Relative humidity (®) is defined as the ratio of the mole
fraction of water vapor in moist air to mole fraction of
water vapor in saturated air at the same temperature
and pressure. Using perfect gas equation we can show
that

partial pressure of water vapour _ Py

saturation pressure ofpure water vapour at same temperature pgat

Humidity ratio (W): The humidity ratio (or specific
humidity) W is the mass of water associated with each
kilogram of dry air. Assuming both water vapor and dry
air to be perfect gases, the humidity ratio is given by:

kg of water vapour pyV/R,T  p,/R, _ 0.622 Pv

W = : = —
kg of dry air PaV/RaT (pt—-pv)/Rj; Pt —Pv
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8 What are enthalpy lines?

* A. Enthalpy is a thermal (heat) property.
e B. Itis the heat in an air vapor mixture.

e C. Lines are parallel to the wet bulb temp.
lines.

e D. Values are in kJ's per kg dry air.

k] s per kg 35
of dry air 30

20
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o Enthalpy. The enthalpy of moist air is the sum of the enthalpy
of the dry air and the enthalpy of the water vapor. Enthalpy
values are always based-on-some-reference-value-Foramoist-air;
the enthalpy of dry air is given a zero value at 0°C, and for
water vapor the enthalpy of saturated water is taken as zero at

0°C. The enthalpy of moist air is given by:
h=h, +Whg =cpt+W(hgg +Cpyt) 1

where ¢, = specific heat of dry air at constant pressure, kJ/kg.K
Cow = specific heat of water vapor, kJ/kg.K
t = Dry-bulb temperature of air-vapor mixture, °C
W = Humidity ratio, kg of water vapor/kg of dry air
h, = enthalpy of dry air at temperature t, kd/kg
hg = enthalpy of water vapor® at temperature t, kJ/kg
Nig = |latent heat of vaporization at 0°C, kJ/kg

e The unit of h is kJ/kg of dry air. Substituting the approximate
values of Cp and hg, we obtain:

h=1.005t+W(2501 + 1.88t)
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9. What is specific volume?

* A. The volume occupied by 1 kg of dry air.
e B. It represents the m3/kg of dry air.

e C. The values are read below the dry bulb
readings.

* D. Cooler, dryer air
= less volume req’'d

08 ' 084 ' 0.88 ' 0.92
Specific Volume = m3/kg dry air
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e Humid spec1f1c heat: From the equation for enthalpy of moist air,
the humid specific heat of moist air can be written as:

where ¢c;m = humid specific heat, kJ/kg.K
Cp, = specific heat of dry air, kJ/kg.K
Cow = specific heat of water vapor, kJ/kg
W = humidity ratio, kg of water vapor/kg of dry air

* Since the second term in the above equation (w.c,,) is very small
compared to the first term, for all practical purposes, the humid
specific heat of moist air, ¢, can is as 1.0216 kJ/kg dry air.K

e Specific volume: The specific volume is defined as the number of
cubic meters of moist air per kilogram of dry air. From perfect
gas equation since the volumes occupied by the individual
substances are the same, the specific volume is also equal to the
number of cubic meters of dry air per kilogram of dry air

RaT R,T

V= = mafkg dry air
Pa Pt—Pv
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The psychrometric chart has

seven lines.

Wet Bulb &
Saturation Lurve

Enthalpy

Dew Point

Relative
Humidity

C B Specific Volume
Dry Bulb Axis
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Using the psychrometric chart

C B

You have been learning by looking at one line at a time.
Take the psychrometric chart given you. You will notice that it has
many lines. Don’t panic. Find the values.
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Saturation curve
(RH =100%)
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Sensible cooling

Q¢ =mg(ho —ha) = maecpm(To —Ta)

O¢

DBT —*
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‘Sensible heating

Qp =mga(hg —hg) = macpy (T —To)

DBT—*

— >
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By applying mass balance for the water: By applying energy balance:

Q¢ =mga(hg —hcg)-ma(wo —wc)hy
e the 2 " term on the RHS of the above equation is normally smal
compared to the other terms, so it can be neglected. Hence,

Q¢ =mg(hg —hg)

Cooling coil
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s Combined heat and mass

transfer; the straight line law

* The straight line law states that “when air is transferring heat and
mass (water) to or from a wetted surface, the condition of air shown
on a psychrometric chart drives towards the saturation line at the
temperature of the wetted surface”.

B o =
Alr flow ~ ‘ | woter ot
R z
@‘ |@ _ temperature
/ tw
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* During winter it is essential to heat and
humidity the room-air-for.comfort.

fz3& % Heating and Humidification

my =ma(Wp —Wp) Qp =ma(hp —hg)-myhy

where Q,, is the heat supplied through the heating coil

® andh,, is the enthalpy of steam

Heating coil Steam nozzles
L\ L _ /
m, 4 L m,
Wo L1 Wo
ho | <l ho
.‘ _:_I
T BE TN
Q’T m‘r U
W
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If the water temperature is greater than WBT,
then there will be a net heat transfer from water
to air. If the water temperature is less than WBT,
then the net heat transfer will be from air to
water.

Cold water spray or a

wetted surface
: \ :
| « I e
L. B | Te
X < W Wo
S
Ci)] ®
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eatmg and de-humidification

Hygroscopic

aterial
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From the mass balance of dry air and water vapor:

Ma W1 +MgaW3 =Ma3W3 =(Maq1+Ma2)W3

From energy balance:

Mg 1hq + Mg ohy =mga3hs =(mgq+mg3)hs
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fzzaz¥ Mixing with condensation

. Dry air mixes with warm air at high relative humidity, the
resulting mixture condition may lie in the two-phase region, as
a result there will be condensation of water vapor and some
amount of water will leave the system as liquid water. Due to
this, the humidity ratio of the resulting mixture (point 3) will be
less than that at point 4. Corresponding to this will be an
increase in temperature of air due to the release of latent heat of
condensation. This process rarely occurs in an air conditioning
system, but this is the phenomenon which results in the
formation of fog or frost (if the mixture temperature is below

0°C). %

T

é@“\&&&&“\‘x&&&&&&&
&
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Air Washers

* An air washer is a device for conditioning air. As shown
in the figure, in an air washer air comes in direct contact
with a spray of water and there will be an exchange of
heat and mass (water vapor) between air and water. The
outlet condition of air depends upon the temperature of
water sprayed in the air washer .

- Eliminator
Airin_| Air out
I L T
Make-up
| /_}\. T water
NIV —
Pump
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that can take place in an air washer
e A) Cooling and dehumidification:ty;

e B) Adiabatic saturation: t = WBT.
e () Cooling and humidification: Ty, <t .er

e D) Cooling and humidification: WBT <t
e E) Heating and humidification: t

< Tdew'

water

< WBT
<DBT

water

>DBT

water

DBT —*


http://www.nctu.edu.tw/

o A) Coolmg and dehumidification: t .. < T, Since the
exit enthalpy of air is less than its inlet value, from energy
balance it can be shewn-that-there-is-a-transfer-of-total
energy from air to water. Hence to continue the process,
water has to be externally cooled. Here both latent and
sensible heat transfers are from air to water.

B) Adiabatic saturation: t, ;.. = WBT. Here the sensible
heat transfer from air to water is exactly equal to latent
heat transfer from water to air. Hence, no external cooling
or heating of water is required. That is this is a case of
pure water recirculation. This the process that takes place
in a perfectly insulated evaporative cooler.

C) Cooling and humidification: T, <t ;.. < WBT. Here
the sensible heat transfer is from air to water and latent
heat transfer is from water to air, but the total heat
transfer is from air to water, hence, water has to be cooled
externally.
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o D) Coolmg and humidification: WBT <t ;.. < DBT.
Here the sensible heat transfer is from air to water and
latent heat transfer is from water to air, but the total heat
transfer is from water to air, hence, water has to be
heated externally. This is the process that takes place in a
cooling tower. The air stream extracts heat from the hot
water coming from the condenser, and the cooled water
is sent back to the condenser.

E) Heating and humidification: t, ,;..> DBT. Here both
sensible and latent heat transfers are from water to air,
hence, water has to be heated externally.

DBT —*
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REFRIGERATING CAPACITY CURVE
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- Sonie Typical Methods for

Enhancing System COP

Improve components efficiency: increase Heat Exchanger Size,
Improve HX performance, improve fan performance, use high
etficiency compressor...

T
COP I /
_---f
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1| Ty— subcooling at the

condenser
(without additional compression work)
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Useful superheating increases both the refrigeration effect as well
as the work of compression. Hence the COP (ratio of refrigeration
effect and work of compression) may or may not increase with
superheat, depending mainly upon the nature of the working
fluid. Even though useful superheating may or may not increase
the COP of the system, a minimum amount of superheat is
desirable as it prevents the entry of liquid droplets into the
COMpressor.

A (a

Increase in work
of compression

Increase in specific
refrigeration effect

&
h ¢
< >
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Use of liquid-
suction heat

exchanger
Q.
3 tiuudeuser

Liquid Suction HX

4 < | — >
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Exp. device <

+— Evaporator J 6

5 —.I
Q.



http://www.nctu.edu.tw/

“Flash. gas removal using flash
tank (receiver)



http://www.nctu.edu.tw/

Refrigeration system
with liguid subcooler

From
6®  condenser To high-stage
3 compressor
|

% (e

N oS ]

* ) _______________ ]

6~ - -

- = = = = — + -

Liquid ]

subcooler ==l = = = = = = =

e
Expansion evaporator
valve
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Multl-stage system with flash
gas removal and intercooling

'Qc

‘ Condenser

6 [
ﬁll Compressor - II
>
| 1 D : p A
J

Wn

! % - - Flash
E — —— : — chamber Water intercooler el 6 )
R —— Qi J
E === %:j L s/
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Cascade refrigeration system

Condenser

A A
P
High temperature 2°
cascade
2’ v |
\ .
YAVAVAVAVAYA > >
Cascade condenser High temp.
compressor
2
- Low temperature
4 cascade
Evaporator 4,_‘ |
. -
Low temp.

compressor
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Process 1-2

S = CONST i P=P_,, 55| T ;.

con

S oFf A = £

bE)E (kcal/kg or kJ/kg)


http://www.nctu.edu.tw/

(©) LRk

Types of compressors

* Positive displacement type

* Roto-dynamic type

Piston pin Connecting rod Crank pin

/ ﬁx Crank

! Shaft
‘\ @
\“x ] U Balancing weight

;j P R A ]
- )
]
]
Dy Y
ﬁ Piston —=
2
J_,.r"
SV_A)
7l
{f?” ol F i i

Cylinder

Fig 18.1: Schematic of a reciprocating compressor
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Volumetric etficiency

* The mass flow ratedecides the refrigeration capacity of the
system and for a given compressor inlet condition, it
depends on the volumetric efficiency of the compressor. The
volumetric efficiency, 1, is defined as the ratio of volumetric
flow rate of refrigerant to the maximum possible volumetric
flow rate, which is equal to the compressor displacement

rate, 1.e. i . -
1 7 Volumetric flow rate m.v,_

1‘1' — . —_—
Compressor Displacement rate

Vsw
The swept volume Vsw of the compressor is given by:

nD*

Vsw =nN L

where n = Number of cylinders
N = Rotational speed of compressor, revolutions per second
D = Bore of the cylinder, m
L = Stroke length, m
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Ideal reczprocatzng COMpressor

Us. real compresszon with-clearance
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Ideal compressor with clearance

- Reciprocating Compressor

* In actual compressors, a small clearance is left between
the cylinder head and piston to accommodate the valves
and to take care of thermal expansion and machining
tolerances. As a thumb rule, the clearance C in
millimetres is given by:

C =(0.005L + 0.5) mm, where L is stroke length in mm

e This space along with all other spaces between the
closed valves and the piston at the inner dead center
(IDC) is called as Clearance volume, Vc. The ratio of the
clearance volume to the swept volume is called as
Clearance ratio, ¢, i.e., Ve

& — )
Vow
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* Due to the presence of the clearance volume, at the end
of the discharge stroke, some amount of refrigerant at
the discharge pressure P_ will be left in the clearance
volume. As a result, suction does not begin as soon as
the piston starts moving away from the IDC, since the
pressure inside the cylinder is higher than the suction
pressure (P.>DP,)

e As aresult, the volumetric efficiency of the compressor
with clearance, 1y , is less than 100 percent

Actual volume of refrigerant compressed | V, —V,
n‘u’,cl — —

Swept volume of the compressor V, — V.
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* the clearance Volumetric efficiency can PT
be written as:

Nv.a™ [ V,—Vp J: (VA —Ve) + (Vc — VD) =14 { (VC ~ Vo) ]

V A X-'T{; (V A YT(: ) (‘rﬁ - “’FC )

AV V. Ve

e= TC i . —=(V, _V{S):—ﬂ
vV SW f A V C &

e Substituting the above equation in the expression for
clearance volumetric efficiency; we can show that:

(‘{‘3 _\iﬂ) =1+ eVe T_\;D) =1+ E—E{L]
(V, - V) v 2

C

T] V.cl -

e Since the mass of refrigerant in the cylinder at points C
and D are same, we can express the ratio of cylinder
volumes at points D and C in terms of ratio of specific
volumes of refrigerant at D and C, i.e,, (VD j {Vn ]

V C Ve
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the clearance volumetric efficiency is given by

vV, :
Nya= l+e—¢ —l+e—¢g D
1‘ﬁ";{: Ve

If we assume the re-expansion process also to follow the
equation Pv*= constant, then: i
Vo | Fe | | F
e

the clearance volumetric efficiency is given by:

17k
P x
SRPILY LR

1'k

P

=

where r is the pressure ratio, P /P,.
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e This limiting pressure ratio is obtained from the equation:
Nya= L—¢ _1'p”11 — IJ:()

‘1+s}“
—T = ——

p.max
c

* The mass flow rate of refrigerant compressed with

clearance, 1, , is given by: v
11]1’_‘1 — r]x_.'_cl ﬂ

e

* Thus the mass flow rate and hence the refrigeration
capacity of the system decreases as the volumetric
efficiency reduces, in other words, the required size of the
compressor increases as the volumetric efficiency
decreases.
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1/n
Pc fn .
Nya= 1+E—E(P—] :1—8[1'1?1 —l]

e

* The above expression shows thatny 4 V asr, ! and € !

* It can also be seen that for a given compressor with fixed
clearance ratio ¢, there is a limiting pressure ratio at
which the clearance volumetric efficiency becomes zero.
This limiting pressure ratio is obtained from the
equation:

Nva= 1_8_1‘11“11 _IJZO \

S [ \
MNv.a

p.max
e

0,1
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[@f@zii~4  Work input to the

compressor with clearance

o If we assume that bothrcompression-and expansion follow the
same equation Pv"= constant (i.e., the index of compression is
equal to the index of expansion), then the extra work required
to compress the vapor that is left in the clearance volume will
be exactly equal to the work output obtained during the re-
expansion process. Hence, the clearance for this special case
does not impose any penalty on work input to the compressor.
The total work input to the compressor during one cycle will
then be equal to the area A-B-C-D-A on P-V diagram.

e The specific work with and without clearance will be given by
the same expression:

Pc
= jv.dP:Peve( 1 _ ]
Pe n-—1
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e Since the mass of refrigerant compressed during one cycle is
different with and without clearance, the power input to the
compressor will be different with and without clearance. The
power input to the compressor and mean effective pressure
(mep) with clearance are given by:

: \% SW W

W, =mw,, { Nv.a v}w id mep =Ny 4 _rld

* Thus the power input to the compressor and mep decrease
with clearance due to decrease in mass flow rate with

clearance.

e [f the process is reversible and adiabatic (i.e., n = k), then the
power input to the compressor with clearance is given by:

‘-*'FSW ‘V EW
Wc — [n"{cl v}(h]& hﬂk)[nl e v

[

Ah

C.5

=

— where Ah is the isentropic work of compression (kJ/kg)
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o The above expressmn holds good for any reversible
compression process with clearance. If the process is not
reversible, adiabatie«(i-es;;non-isentropic)-but-a-reversible
polytropic process with an index of compression and
expansion equal to n, then k in the above equation has to be
replaced by n, i.e., in general for any reversible compression

process; p )" v
Nya= l+e—¢ Y :1—811' —l]

P

e The above expression shows thatnV< | asrP? and € | as
shown in the Figure.

\

0.1
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e For a given condensing c
temperature (or pressure), the \\\
pressure ratio r, increasesasthe” 4 1
evaporator temperature (or o . \ .
evaporator pressure) decreases. Py T
Hence, from the expression for i
clearance volumetric efficiency, it Ve V. Ve VeV, v

is obvious that the volumetric
efficiency decreases as evaporator
temperature decreases.

e This is also explained with the figure, which shows the P-V
diagram for different evaporator pressures. As shown, as the
evaporator pressure decreases, the volume of refrigerant
compressed decreases significantly, since the compressor
displacement remains same the clearance volumetric
efficiency decreases as evaporator temperature decreases.
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* The above discussion shows that the
performance of-the-system-degrades-as-the
evaporator temperature decreases and
condensing temperature increases, i.e., the
temperature lift increases. This is in line with
the effect of these temperatures on reverse
Carnot refrigeration system. It is seen that
compared to the condensing temperature, the
effect of evaporator temperature is quiet
significant. When the heat sink temperature
does not vary too much then the effect ot
condensing temperature may not be significant.
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* As the evaporator temperature decreases the clearance
volumetric efficiency decreases and the specific volume
of refrigerant at compressor inlet v, increases. As a result
of these two effects, the mass flow rate of refrigerant
through the compressor decreases rapidly as the
evaporator temperature decreases as shown in the
following figure.

e The mass flow rate of [~ Constent P

refrigerant is given by

Vsw

M=Ty c|
e
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28 2% On refrigeration effect and
refrigeration capacity

* The refrigeration capacity of the
compressor Q is given by: (q.=h; — hy)

|
Q g =M. q a
4 T, = Constant
3; /.,,‘" “v'
"‘JV 4 /,./' ”'/Qe
4
409
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fzzd%z¥ On work of compression
and power requirement

e The power input to the compressor is given by: w_ = m.Ah
— (Ah.=h,-hy)
e For a given clearance ratio and condenser temperature,
the volumetric efficiency and hence the mass flow rate

becomes zero at a lower limiting value of evaporator
temperature (I, =T

e e,lim) ¢ T.= Constant -
A
\
N

c



http://www.nctu.edu.tw/

@zxd 2% On COP and volume flow
rate per unit capacity

* As evaporator temperature
increases the specific volume of the
refrigerant at compressor inlet :
reduces rapidly and the refrigerant v Vel Vsw _Ve
effect increases marginally. Due to Qe de
the combined effect of these two
(and volumetric efficiency), the — |
volume flow rate of refrigerant per /
unit capacity reduces sharply with \ / I
evaporator temperature as shown inCOPI N V (mYKW.s)
the following. This implies that for a \ -
given refrigeration capacity, the \
required volumetric flow rate and e
hence the size of the compressor Te
becomes very large at very low
evaporator temperatures.
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Effect of condenser temperature

e Atmospheric air is the cooling medium for most
of the refrigeration systems. Since the ambient
temperature at a location can vary over a wide
range, the heat rejection temperature (i.e., the
condensing temperature) may also vary widely.
This affects the performance of the compressor
and hence the refrigeration system. The effect of
condensing temperature on compressor
performance can be studied by keeping
evaporator temperature constant.
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Mz2E%%0n volumetric efficiency and

refrigerant mass flow rate
e At a constant evaporator-temperature-as-the.condensing
temperature increases, the pressure ratio increases, hence, both
the volumetric efficiency and mass flow rate decrease as shown
in the figure. However, the effect of condensing temperature on
mass flow rate is not as significant as the evaporator
temperature as the specific volume of refrigerant at compressor

®

inlet is independent of condensing temperature.

~ - T, = Constant |
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evaporator temperature, the refrigeration effect decreases with

On refrigeration etfect and

refrigeration capacity

e Since the evaporator enthalpy remains constant at a constant

increase in condensing temperature as shown in Figure. The
refrigeration capacity (Qe) also reduces with increase in
condensing temperature as both the mass flow rate and

3”

4”

qezhl_

g . \BEa

refrigeration effect decrease as shown.

. /

4

h, decreases with'the rise of p,

h

T. = Constant
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On work of compression
and power requirement

e The work of compressionis-zero-when-the-condenser
temperature is equal to the evaporator temperature, on
the other hand at a limiting condensing temperature the
mass flow rate of refrigerant becomes zero as the
clearance volumetric efficiency becomes zero as
explained before.

T. = Constant

Ah,
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@zxd~% On COP and volume flow
rate per unit capacity

* As condensing temperature increases the refrigeration effect
reduces marginally and work of compression increases, as a
result the COP reduces as. Even though the specific volume at
compressor inlet is independent of condensing temperature,
since the refrigeration effect decreases with increase in
condensing temperature, the volume flow rate of refrigerant
per unit capacity increases as condenser temperature increases
as shown.

T. = Constant

COP
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@z38~¢% Compressor discharge
temperature

e [f the compressor discharge temperature is.very high then it
may result in breakdown of the lubricating oil, causing
excessive wear and reduced life of the compressor valves
(mainly the discharge valve). In hermetic compressors, the
high discharge temperature adversely atfects the motor
insulation (unless the insulation is designed for high

temperatures). Pv' =constant and Pv=RT

e Then the discharge temperature,
T is given by: y—1 . I

=
i)
e
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Actual compression process

e Actual compression
processes deviate from ideal
compression processes due
to:

— Heat transfer between the
refrigerant and surroundings
during compression and
expansion, which makes these
processes non-adiabatic

— Frictional pressure drops in
connecting lines and across
suction and discharge valves

— Losses due to leakage

\W ////////"///’/

P,

!

V >
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The mass flow rate decides the refrigeration capacity of the system and for
a given compressor inlet condition, it depends on the volumetric efficiency of the
compressor. The volumetric efficiency, ny is defined as the ratio of volumetric
flow rate of refrigerant to the maximum possible volumetric flow rate, which is
equal to the compressor displacement rate, i.e.,

Volumetric flow rate m.v
Ny = = - (18.1)

V' o~ . T
Compressor Displacement rate v
SW

where m and Vsw are the mass flow rate of refrigerant (kg/s) and compressor

displacement rate (m>/s) respectively, and v; is the specific volume (m®/kg) of the
refrigerant at compressor inlet.
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Discharge
valve

yv
.

/

Cylinder block

where A =

nfomo Tung University

z3i ~'% Pppocess 1-2

RE M EHIET

Fixed vane

suction

//

Roller

The mass flow rate of refrigerant through the compressor is given by:

Vsw

m=ny
Ve

](4)[50]““2 B2)L (20.1)

Inner diameter of the cylinder

B = Diameter of the roller

L = Length of the cylinder block

N = Rotation speed, RPM

nv = Volumetric efficiency

Ve = specific volume of refrigerant at suction
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Process 2-3

R BEasaxa I
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&apaaty control..

e Various methods available in practice for
controlling the capacity of compressors
are.

— Cycling or on-off control
— Back pressure regulation
— Hot gas bypass

— Unloading of cylinders in
— Compressor speed control
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Hot gas bypass

- Condenser -

|®. . Hot gas bypass _,,l ZS

Exp. device l v

—

Compressor
— Evaporator S
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>+ & Ap i Af g @ (% Bk Shah (1979) st (B * T ) :

h; =h, (1_

He ded POFL R MRS (reduced pressure) > 5 48 fr/R 4 B g R4 2w
B o X5 f #3z & (vapor quality) > @ h, 5 Hipin#end @ il ¥ d
it ehGnielinski correlation (1976) &7 -

> o 22 Z_uSchmidt (1949) = 72 k iz & o
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Zz 33 5
[‘ @wmf Chino Tung U mm?/ﬁié}:l‘ &\&72\_‘ (fln effl cien Cy) i :T:i

N =] WL ﬁA

Qi & »c 3 = 2§02 Schmidt (1949)2 5 4 5 3P 40w ¢

A
L s 26 F sl ®& 5 7 =1—Kj(1—m)

~ ] tanh(mrg)
2.8 A3 n s .
) =+ Tk ¢ mrs
1e mo | 2N kAR ROE Gl OF Y B R
kf5f
| Req 1 O 3 I R s - [ N L D AT
¢— ] [ +0.35 n[ eq/rﬂ ) Req:,rE-Iljgfg S E A E R r:]ﬁ’f]? =T

7 F eS| 2 BR frenfd e

. i ) Req XM XL 021/2 X _Pt X _Pg
(i) ¥4 £ 7 (in-line) —F =128 25 -02) X, =0 X = —

1 W R 1/2 ,
(”) &%j’i’f }—IJ eq 2127 X|\/| (XL _O3j ’ XM :E, XL =£\/(ij +P|2
r r{X 2 2\\ 2
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National Chiao Tung University

(DHX A e = 2t 8
()% M # @ GAdch 3§

FoN L R EA Gt

EE e arHXa 4 2R S R o SRl T i

(3) % & RI# @ i hy

shy =] xG xC % Pra_%

OF T - tanh(mrg)

(=
mr

¢

(5) 4% & 4 #kU
(6)¥#c T 358 £ LMTD

(7)¢ Q=Uo xAoxF*LMTD +

(8" # % # Rfep RIRY

2 /HLﬁi(

2 & 0 RKNr=?

+ K3

LMTD =

(AT, —AT,)

m(

AT,

|

LEVEIESE F25 A\
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QB2 BARET & 240 T4REINL
AP = AP, + AP, + AP ;4P
HPoi(a) AP 5 oon ~ B B TR ] i A RS
(b) AP, & 78 53 A < 3 B e B R E o
(C) AP, % i Hl T A % 11 51 A2id B o 9ig & AR E o
(d) AP, 5 7 J1 A 2 3 BpE FoniE 8 < g S RS o
(BEFRER S > ERR ) o f(d)E I, RS G- R
Kays and London (1984)#% ! era /B *% B 7% 38 40T -
AP:Gf{(l—o-2+KC)+ f A gL _ 1)_(1—02—Ke)}

2 Py PaD P2 P P>
H IR ﬁf{‘g»b Z (contraction ratio) > 5 B 3 § i & & f# (mmlmum
free flowarea) » p, ~p, & B s 2 F B fecdiv PR R > p 5T F TR
B oo K 5 i B % Hc (entrance pressure loss coefficient) » K & 1) o &

"% 1% & (exit pressure loss coefficient) » f5 7 % nE# %]+ (friction factor) -
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@z 3k A¢

5 ® R
Natioyal Chino Tung University FEF ﬂj =
ﬁ — e
7R 1 b z2 Y
£ 2 208 F

‘| l-:" 595 mm

\ L

| | 24 (collar)

g

— S
Sde b S|o|T

o ES-18HT R AT A SR TR s
. AU :

PR
ot

R-22,54 Hk

Ti’in= 92 QC ; CP,?’,in = 910 ]/kgK ; pr,in= 73.46 kg/m3 3 A LW
k.,=0.0161 Wm-K ; g, =16.08x10"° N-s/m? ; Pr, ;,=0.909 AR
Pr,o=1.121; Pr,; =2.426 ; P,=0.437 (reduced pressure)

psr=1062 kg/m3 ; Psc=954kg/m?; i, -=148.3 KJ/kg ; T, =54°C

o= 116.9x107° N-s/m? ; y, o=14.47x10° N-s/m*> ; ¢, ;= 1461 J/kg-K
Cps,c= 1173 J/kg-K 5 k= 0.0704 W/m-K : k;=0.01514 W/m-K
o ZERM
2E R A LR R535°C » p,=1.145kg/m? 5 V,=1.5m/s ;
,=188.7x107 N-s/m* ; ¢, ,= 1007 J/kg-K ; Pr,=0.71
g s A EN
W=59%mm > H=35mm > N=1>4=012mm > F,=128 mm > P,=254 mm > P;=22 mm -
d.=10.34 mm > §,=03 mm > d;=9.5 mm
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Nm‘immf Chiao Tung University

A2 A3

GE# ") (’%@'ﬂf??v> (B4 %)

B]5-19 2 ; WP\ B T = B (FF_&|4—‘gpm»lr:m}i%?r#}fppa,w

A F) 5 4B E R A A FA L B Y Counter-Cross % £ pF - 3§
Rl g R % 14T 55 B15-21)
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P . BEAINERM T H
2 ;‘ "é' ‘? AT MR TE [ E RS ¢ Ay = 0.595x0.355 = 0.2112 m?

Nariowal Chiao Tung University
(D Ug4EtE © o= AdAg
A LR e E A,
R B 5E =0.355m
It DLEAAZ A 25 B 1 HY & BN T 55 (0.355/0.0254) = 1437
A BATHA R 5 R MEE /R = 0.00128 m
Pt ABAAZ #8518 7 7 B(Ng) 5 (0.595/0.00128) ~ 465 f
Ac= Ay — Nix(dxW + Nexoix(Py — d.))
A2 E _ENEGLIEEAXAEZEK ! |}
=0.2112 — 14x(0.01034x0.595+465x0.00012x(0.0254-0.01034))
=0.1143 m?
o= AJA; =0.1143/0.2112 = 0.541
QBB ZEEME  BEME A= R ERE (A) +E THEHE(A)
A = 2xNex (P, xH — m/4xd2xN7)xN  + 2x8 xNg x(H + P, xN)
{FAEF2FE=5NE G AEEAXAER ! 1}
= 2x465x(0.022x0.355 — 1/4x0.01034°x14)x1
+ 2x0.00012x465%(0.355 + 0.022x1) = 6.21 m®
A; = xdx(W — Nex o) xNtxN
= 1x0.01034x(0.595-465x0.00012)x14x1 = 0.245 m?
A, =A; +A = 6.21+0.245 = 6.455 m®
AEARG G - fERBVEESEEER 96.2% |
Dy = 4A.L/A, = 4x0.1143%x0.022/6.455 = 0.001558 m
ENEE = A= nxdixWxNy xN = 0.2486 m?
Ao/A; = 25.96 (IL1E A & I = BA A Roas 098 B0 o o502 - &
g HIEFEEENER) -
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[. % 1‘ A ‘%—1(1% = 1.5 m/s T iy 2 {8 (4 8

Nariowal Chiao Tung University .
FH =0 5-4 18y LR PR AL G 5 U7 12 =

P1 ~1.084 ~0.786 P2
j:O.108Re_O'29 E i i i
“ \R) {d. D, R

P1=1.9-0.23log, (Re, )
P2=-0.236+0.126log, (Re, )

BhRERINZBEHETHNEHEE  HRAGIHEEE 2 d %
S Rege = pVed/u = pVid. Tl o
= 1.145x1.5x0.01034/(188.7x107")/0.541 ~ 1740

P1=1.9-0.23log, (Re,_)=0.1839

P2=-0.236+0.126log, (Re, )=0.7042

P1 -1.084 -0.786 P2
j=0. 108Re‘° s R (5 P Fo
R {d Dy R

_ 0.108x 174002 :0254 %% 0.00128) "™ 0.00128 _0'786><
' 0.022 0.01034 0.001558
0.7042
(Odooozlsisj —0.01746

V. =1.5/0.541 = 2.773 m/s
j = 0.01746 = ho/(pVcCp.a)xPra?® =(ho/1.145/2.773/1007)x(0.71)"
~hy » 70 W/m?.K
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Nariowal Chiao Tung University

I REFEREBERR > LUEEZERME DT - BHEBRES 1HE > Fr A
IR R HRFI AL (inline) » HAE 40T (55 2 % 7(5-20 ~ 5-25) :

2h,

= _\/ X 7562 (m)
ks, \204x0.00012

XL=P/2=0.022/2=0.011m (PRFEIAFEL > EERER AT

Fi X, =y(R/2F +R?/2)

Xm =P¢/2 =0.0254/2 = 0.0127 m
r=d./2 =0.01034/2 = 0.00517 m

%
I
o =1.28X—M(L - 0.2J ~1.28

r r\ Xy

0.0127( 0.011
0.00517 0.0127

7
—0.2J =2.566

b= (req_ 1+035In(r,, /)| = (2.566-1) 1+0.35In(2.566)| = 2.083

r

_ tanh(mrg) _ tanh(75.62x0.00517%2.083) 0.825

f mre 75.62x0.005172.083

n —1—ﬁ(1—77 y=1-22L 10825 -08316
A/ ol 6.455 |

. ohe = 0.8316x70 = 58.21 W/m?*.K
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Nariowal Chiao Tung University

PRI R =B AL~ A2~ A3y 5T BB B UAE LB G B E:

1 M BE

ABIEBIH A=AL+A2+A3

™ Al sripaes

—

A2 BEAR 4 R R

A3 &L H pp#

T 3

B5-20 ZAENHipZ AT ET LR
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TA]-%EE\.J
ALER (7 BN Ry BB AH SR RE EE - T DUE AV 20 A B0 55 (3 F S A 2
HE - BEWT
EHoEER S EEAE SIEfAr 0 m =75kg/hr=0.02083kg/s
ALER 7 B BY 28 & 39 Ky B AH 20 E
El_‘IQAl:mrcprG(Trin _T)
Cp.r.c HYME AT DA BEAH 28 B0 1 {H B 6 A SR 58 B0 10 HY B 2R fd &

“. Cpro = (Cpriin + Cpis,)/2 = (910 + 1173)/2 = 1041.5 J/kg-K
Qu =M, Cp, 6 (T in —T,) =0.02083x10415%(92—-54) =8244 W

C,=mc,, A =0.02083x1041.5=21.7J/K

r=p,r

72 L HIBT m, = pV, A, =1.145x1.5x0.2112=0.363Kg/s
C,=m.c, , =0.363x1007=23653JK

avp,a
{H & 41 & 5-20f 7~ > ALE T HYZE REEAEALA » BT DAALIE YA R
B ECa = 1/A><CA’ EEIB/\\ FACAHZEE L o AT AR IR 5% Cmin=
C,

Quaxa =My 1 6 (Ty i — Tain) = 0.02083x10415x (92 -35) =12366 W
" &py = Qua/ Qe o =824.4/12366 = 0.667
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ENETh EHARAT ¢

EWNREH P ERHE = Gdi/u
He ~ ke BYAE - [F] 5 BT DL BE A 28 202 15 B 66 101 SR RE &1 7 7Y S 35 {5 2 A

s = (Mot 14,6)/2=(16.08x107° +14.47x107°)/2 = 15.28x107° N-s/m”
ke = (0.0161+0.01514)/2 = 0.01562 W/m-K

S HIPr. B = (Pr,, +Pr.c)/2 = (0.909+1.121)/2 = 1.015
G- _ 0.02083 _»939Kg/m? s

742 *0.009%

47" 4

Reg = Gd; /us = 182726
f =(1.58InRe,—3.28)* =0.003974
(;j(ReG—lOOO)Prb (W}(l82726—1000)x1.015
Nu = = —342.3

1.O7+12.7\/Z<Prb2/3—1) 1.07+12.7,/(m023974(1.0152/3—1)

-.h; = Nuxkg/d; = 342.3x0.01562/0.0095 = 563.2 W/m?*-K
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TR BGETER > M LEE A =A/A =02
AL =0.2x6.455 = 1.291 m?
B NHETEAL = A/25.96 = 0.0497 m®

Car= 0.2xC, = 0.2x365.3 = 73.1 W/K
Cn=C,/C,=217/731=0.297

HH#R5-1N1HEE e-NTUJTIE R » E Chin INE I
(1_e—NTu.C;1 ]

*

C

I NTU — —Ioge(CAlloge(l—gAl)Jrl)
C/—\l

i ear = 0.667 » C, =0.297 ; 7 A _E 18 I 15 NTUA;=1.33
NTUA]_ = (UA)A]_/Cr = (UA)A]_ = 28.89 W/K
8252 H T E A 2R EF (UA) A (B H 2 B8 B [H 1)

1 _ 1 1
(UA) Al Tlo ho Ai hi Ai i
Fr DU E R/ » BEFET RN CBEBRIEBNRE - KRB UGFE
(UA)ar = 27.34 WIK T A =A/A =0.2681> EA, = 1.731 m?
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TA2ER

NS 38 513 RO B+ S R Y
e % 677 - A 9 Shah (1979)F IR 7+ AP I B B2 1) B 18 {51 L S 4571 56
5

h, = i oozz{GOI } P24
dl :uL

hcm=h( 209j
] Pr

0.8
0 _ ki g god G Pr0_4 _ 0.07040.02{293.%0.00?5) oy
d, 1, 0.0095 116910

= 7727 W/m* . K

hem =hy 209 =7727] 0.55+ 2'0938 =2637W/m’ -K
| s 0.437"

FEIfEY - JMIEER A LS~ 5 > AT EAZEBINEVEE R
Qpz =My ¢ (1—x) =0.02083x148.3x (1-0)1000 = 3089 W (5%1&3;94%@,%@

FEAREAEMEGEEELIECEEIENESC A SEBSREE) -

;
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(1) Chin = CAlfiCipax = C; >
(2) C" =0 &NTU B4zt E{LRke =1-e N
BER 2R o B 4 17 e [ AT R S SR R S

A=A, /A, =06
Quaxaz =My a2Cpa(Trs —Tain) =0.363x1007x 0.6 x (54— 35)= 41672 W

Enr = Qna/Qrax a2 =3089/4167.2=0.741
He=1-e "NV ATEHNTU,, = 1.351 W/K

~.A, = 0.6x6.455 = 3.873 m*

ENTHEAL = Ay/25.96 = 0.1492 m?

Caz = 0.6xC, = 0.6x365.3 = 219.2 W/K

NTUp2 = (UA)a2/Canz = (UA)ar = 296.1 W/K
HZEZH PR FE (UA)a2([E B 2 H 20 & B2 H 1)

1 _ 1 N 1
(UA) A2 770 ho AZ hi Az,i

H 2 5-148 » A] H H (UA)A2 = 143.32 W/K

=l A ZEE KRR A2 B ik 52 5 05 5

(5-148)
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&z 34 ¢
Nartioyal Chino Tvmq Univer: cm/
2058 B K RF A21& Y T AE 38 In 2 e oK 0 Bl -
A =1-A =1-0.2681=0.7319
EA2E RIEE NIF R R Re 2AEE T RO T -
. Qo RN scmm(oaeT. . 0363><1007><0 7319 x (54 —35)=5083.2 W
Car = 0.7319xC, = 0.6x365.3 = 267.36 W/K
- A, = 0.7319x6.455 = 4.724 m?
N HETEA, = A/25.96 = 0.18197 m®
P (5-148 » 115 (UA)a, = 174.8
FHAh o HRN R A LA 0 R AR EONEE » TR
HEENESESE > ARBHEHAERERENTUEIVA) ki EUAES
e S- 148 RE R E A E R A FEHFHIEMA  HIE - B lRek

Mgz & Ryx =0.3 - frll e
".Qpp =My & (1—X) = 0.02083x148.3x 1000 x (1—0.3) = 2162 W

< Enp = Quo/Quax a2 = 2162/50832 =0.4253

He=1-e MY, ATEH NTU, = 0.5539 W/K

NTUp, = (UA)a2/Cans = (UA)a, = 148.1 W/K

i A1 FH 20 5-1480Y 51 F A 45 SR Al 5 174.82 WIK » RS FH Z(5-148% i HY
148.1 W/K ; R FLHZ S fE#E R » A1 PE &8 a8 K 2 BB L1z 7] LR 2 H O
K §Z & F50.2102 -
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A2[E 1 4 £ fH & B 3089x0.7898 = 2439.8 W

WA EN(E B By AL1+A2 = 824.4+2439.8 = 3264.2 W

A2 T & By 4.758 m?

ARetBEHIF > WREFZSFTEAIER > EAEAR FEHALEHEM - Fr A

B Y HL TR (1) ZE R REE o BRI EOR R K ETE 5 (2) ASEAYH

BEROH =A-AL-A2 FIIZEMNHILE ENVAERTFEAAEE (K

2% R R S I Y LR E) -

BA > D RAANAL s EE R (S hes) 0 ZLLEE
7 C1EVE N (B0 Ve = 1.5 m/s) ~ [&E] i /& 25 2 11368 20 (51 20 %8 £825°C) ~
TE 2 W 4 At TS B[] T 4 B 1A 02 B (131 40 48 /2 5°C) I HY BE 1 Ry 1 #E A
71 EEENEECEY R o R DU G RE 2K B 75 55 R R 5 R HY IR 2
ERAEREN RN > EELARE—HEAERE @ ABIUARHIHETE
BEBELEIONEBEGEMEBLENET XK 56 @ AlFEEER LK

MEEEBN -
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Natioyal Chino Tung University %éﬂ] é[ i[\éjl:[j

L%k 25 B (expansion device) & E & & & i 7L A 7 5

Q3 B RR G B 3RS EERE W;?Fi —
O 5P BT 2 LETLE o
Q24 A% 8 %% SR ‘QJF oL lm? s ROE VIR R
(thermostatic expansion Valve)ﬂfr T+ 7V IR R (electric expansion
valve)
Qe A 3l 723 oL oy pJ - A

££1.052.0mm - £ B % 54003
2500 mm -

%E@,,L YR~ mEH ;u;i\*#fé@
H o REH R ’ﬁ% TR
B » ﬁ@w T fF s R A iR
SR St e P e R
0#%'*&éﬁﬁ*% )

‘M%'“ RS RS L L
R L i L

#F'FIP“  F]PL R gp 1 * A ARk AL
TR R SR € IR o


http://www.nctu.edu.tw/

\ ‘ @ = TG \ Y
R BREGEWE L g € BRSO TR RS LR ¥ - B
S %%3;’1‘ 3 o
D@zgﬁgﬁ Ee “m"ﬁ BE TR RFARE - Bed '—h«?ﬁfv\zj\)x@:i EE:
10

2n

T R e g B G mE D KR E R T

// /J_

|
L /\
o i
_\4- @ i
3 > U
: 7
< .
E o mr,capi mr,comp
v
@ Compressor ™ 4
> _ Capillary tube 0 /
- = —
Suction pressure, kPa enthalpy

Fig. B 45482 £ g 2 T ok
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Nm‘immeﬁmo Tung University % \\\HEI E [ S \7]:[7 (Cont . )

Q= dogf B SRS SRR P BRI A R feld
fi 1“?71’? gl S
(1);5(74)3 a@l‘)iﬁ—:;/;ﬁg_;,ﬁ%;g)\.c “m%‘{; ; gf\?’%?f“«"%é’"ﬁ_i@J
Jodk fe 1L o L EES R MRS iR R ;
E'E’f\—"/li 'Eﬁ ’ —LE' -F)gfﬁ_/p? #B_E)‘ 9 ﬁ }EJ Ké? 2 _E i%i'}i% TL o

@iEhmy - B FE R L o Rag o SO FRT GE 4 AL AR
BB BN AR F R E S B e (R 104 BB 1E R
Yo FRRA ERAMPFL o GI L mE kg HE LR b b
L X R

A
CI‘—J m
S ¥
A
o :
o Mt .comp
i
i /
-

enthalpy


http://www.nctu.edu.tw/

E%ﬁ@@%Lmﬁg’@Jﬁﬁ

B en %

12304 2 B R i F TR

O2 3L LWL RS X ERER
#%‘lfq* fi" __L“‘RH w)f:\‘ > m /H-}i
PR32 % 0 BEOR B 5 B4 T fFen
G4 il B M PES IS e B
e A 4 oo

‘ BT {8 '—;7734%'3"0\,:;7:{?/147 = l?m':t‘ 7}5?\? ’
@*”%*ﬁ&iﬂﬁwﬁﬁ’ﬁ
DR ENE D o oF ik i%%t ) 75
I iz & (quality)3g 4c > F]pt = H i
£ B RFS HEZ K 4 o

®54gL: = “m%‘ Ao JLERA S

MR A AR 0 Bt d TSR O A
BB
=424

|
1 2 3 4
LR R %
it 154 :f,:mr;
| |
| |
T i !
2 PRESSURE | |
| -
Ll 3 D
d TEMPERATURE | I<T:
c?) PRESSURE \ | o’
7)) and | L
L TEMPERATURE o
e =
a | =
|_
CHOKED FLOW 4
5%
Fig. - fmp N S 52 R4 B2E R A&
(4% p Bolstad and Jordan(1948))
=T
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Nnﬁmmf Chiao Tung University

D-’? x% R , Ee “m%‘ P\ }/s\;llfj'—ﬁ”*i:’f Ha fL "%1"1%

1"

|. Subcooled, single liquid phase

R e %;s% 4 éﬁ"fr’}'# AL BE > @ H 4 Ay w0 L 1 Metastabie, single fiquid phase
“’ Iil. Metastabie, liquid-vapor two-phase

2L A5 ET77'|¢ - =B o AL ﬁ%é’ [ho2F =it IV. Thermodynamic equilibrium,

A . 2 - ‘ p a liquid-vapor two-phase

B RREAR A RAFE TR BT )

PR bBE s H -3 F e A (TR gL
- ?é/“’&'”“;? RS TS DB
= =
L a@&»(I‘i’ Sl E‘l;,) bg‘[;,( - UN T 1 )ﬁ”’ﬁl::’%fi
#i TuwEE R | (delay length)
Qimp ik ~BRS Ri6L S r £ :
(1)iB4 HApRtg-—-» r gola .
()% 4% At ¥ 4p i #-—-a 2k 3 bb’

(e]

Pressure (bar)

-

/= N L 2 4 -
4 THEF R A G AP---CcBET » T 0 0 100 150
Position (cm)

Fig. £ fmd p ool REERIR S 2 %
it 25(4% p Chen et al.(1990))
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Bl Es 5

0= ‘W”E L B2 E Bk %Caplllary Tubeﬁ
B PR 5 8 e (steady AL
state) ¥ & & #%iF 4% (adiabatic
A A Lot S ) e
I‘)LI‘OCG/SS‘Z » RE e “m/? f Refrigerant Flow
oeTE R S BL] > 22 R e T

R T2 F 77 40T

Condenser Exit

i 4 = #2.3% (Continuity equation) :
mr,capi — V1 - V2

=G
Acapi Ul 02 (1)
it & > #2 ;% (Energy equation) :
V,? V,”
h,+—=2=h, +% (2)
2 2
# & = 42 7% (Momentum equation) :
AL V?

(Pl P ) f d_2_ Acapi = mr,capi (VZ _Vl) (3)
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Nfarcf""";é?, L% FE 7t (choked flow)
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i
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' EXIST ON THIS SIDE

- o cammson Suction pressure

PRESSURE EVAPORATOR INLET
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OR TWO PHASE FLUID
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MASS FLOW RATE, kg/h

CAPILLARY TUBE INLET PRESSURE, MPa

Fig. 46 Mass Flow Rate of R-22 Through Capillary Tube
(Capiliary tube diameter is 1.68 mm L.D. and length is 1520 mm.)
Fig. % 4 B » A4 B 4L w3
N
(4 p ASHRAE HANDBOOK 1998)
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Compressor
....................... Capillary

e

=30°C

T.=40°C

=50°C

Fig.24.1: Variation of refrigerant mass flow rate through compressor and capillary tube
with evaporator and condenser temperatures (A,B & C are the balance points)
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Increase in refrigeration Load:

If the refrigeration load increases, there is a tendency for the evaporator
temperature to increase due to higher rate of evaporation. This situation is shown
in Figure 24.2 for a condenser temperature of 40°C. The balance point for design
load is shown by point B. As the load increases, the evaporator temperature rises
to C. At point C the mass flow rate through compressor is more than the mass
flow rate through the capillary tube. In such a situation, the compressor will draw
more refrigerant through the evaporator than the capillary tube can supply to it.
This will lead to starving of the evaporator. However, emptying of evaporator
cannot continue indefinitely. The system will take some corrective action since
changes are occurring in the condenser also. Since the capillary tube feeds less
refrigerant to the evaporator, the refrigerant accumulates in the condenser. The
accumulation of refrigerant in the condenser reduces the effective area of the
condenser that is available for heat transfer. The condenser heat transfer rate is
given by, Q. = U. A:( Tc-T ). If heat transfer coefficient U, and T, are constant,
then for same heat transfer rate a decrease in area A; will lead to a higher
condenser temperature T. It is observed from Figure 24.1 that an increase in
condenser temperature leads to a decrease in compressor mass flow rate and an
increase in capillary mass flow rate. Hence, the system will find a new balance
point at higher condenser temperature.
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Decrease In refrigeration Load

If the refrigeration load decreases, there is a tendency for the evaporator
temperature to decrease, say to state A as shown in Figure 28.2. In this condition
the capillary tube feeds more refrigerant to the evaporator than the compressor
can remove. This leads to accumulation of liquid refrigerant in the evaporator
causing flooding of the evaporator. This may lead to dangerous consequences if
the liquid refrigerant overflows to the compressor causing slugging of the
compressor. This has to be avoided at all costs; hence the capillary tube based
refrigeration systems use critical charge as a safety measure. Critical charge is a
definite amount of refrigerant that is put into the refrigeration system so that in
the eventuality of all of it accumulating in the evaporator, it will just fill the
evaporator up to its brim and never overflow from the evaporator to compressor.
The flooding of the evaporator is also a transient phenomenon, it cannot continue
indefinitely. The system has to take some corrective action. Since the capillary
tube feeds more refrigerant from the condenser, the liquid seal at the condenser-

exit breaks and some vapour enters the capillary tube. The vapour has a very
small density compared to the liquid; as a result the mass flow rate through the
capillary tube decreases drastically. This situation is shown in Figure 28.2. This is
not desirable since the refrigeration effect decreases and the COP also
decreases. Hence, attempts are made in all the refrigeration plants to subcool
the refrigerant before entry to the expansion device. A vapour to liquid subcooling
heat exchanger is usually employed, wherein the low temperature refrigerant
vapour leaving the evaporator subcools the liquid leaving the condenser.
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Compressor
................. Capillary

Fig.24.2: Effect of load variation on capillary tube based refrigeration
systems. B: Design point; A: At low load; C: At high load
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At fixed T.

Choked flow

TeorP. —*

Fig.24.5: Variation mass flow rate with suction pressure for fixed condenser
pressure
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&2 3k~ ‘? Rating a capillary tube
ASHRAE (graph method)

MgiLc = M163 mm, 2.03 m-P ChOked flOW COndtiOn

10°C subcooling

5°C subcooling
saturated

!

xi = 0.05

x;=0.10

d;=1.63 mm
L= 2.03m

Pinlet = P '
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Lcapillary
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Typical modeling for 3->4 Process

«—— Capillary Tube ———»

© e @

| AL |
3 415
Condenser X y Evaporator
A ’
T P
4 P
§&————ovap
s ho

Fig. 3. Location of state points 1-5 in T-s and p—h diagrams.
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%~ % Single phase calculation

Single-phase region

The steady flow energy equation between points 2 and 3 may be written as:

n V3 P V3
P +- 2g + z2 = p}g—l— 22 + z3 + Ayt (1)

For single-phase flow, assuming that VyxVy=V and z3=z,, the term A (total head loss) can

be written as [20]:
m=ro(2)(2) >

where Ly, and f, are the single-phase length and the single-phase friction factor, respectively.
Substituting Equation 2 in Equation 1 and rearranging the terms, the following equation may

be obtained:
sp Ve
m=n(3)+ (22)(57) 2

The pressure drop due to sharp entrance into the capillary can be determined from the follow-

Ing equation;
VE
P —pr= k(-ﬁ) @)

2
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Saturation pressure at 3, p;, can be determined by knowing the level of subcooling at the
capillary entrance i.e. T3=T,—AT,,,. Therefore. adding Equations 3 and 4, and assuming

P2 = p3, the single-phase length, L, of the capillary tube can be determined from:

s-p— {(FI PB)_-k}ﬂp

(3)

where G (m/A) is the refrigerant mass flow rate per unit area, and the single-phase friction

factor, f;p, can be calculated from the Churchill [21] correlation, as shown below:

3 12 I 1/12
Joo = 8[(38) Ty B)-‘ﬂ]

where
1 [
A=1{2457In 7 \"?
:TTE' + 0.27:
I
B ( 3?53{})
Re
and
ind
HE - IH_A

(6)

(6a)

(6b)

(6¢)

where € is relative roughness of the tube, # is the tube internal diameter and p is the dynamic

viscosity of the hquid refrigerant.
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I'wo-phase region

The fundamental equations applicable to the control volume bounded by points x and y (sce
Fig. 2) in the two-phase region are the conservation of mass, the conservation of energy, and
the conservation of momentum. The equation for conservation of mass states that
AVy AV,

Vi Vg

(7)

m—=

Neglecting the elevation difference and the heat transfer in and out of the tube, the equation
for energy conservation may be written as:

= ye
iy + 5 = h+ 3 (8)
where /i and V are, respectively, the enthalpy and the velocity at any point in the two-phase

region.

From the conservation of momentum equation, the difference in forces applied to the element
due to drag and pressure difference on opposite ends of the element should be equal to that
needed to accelerate the fluid, 1.e.

ALY V2 c o,
[u:n- —p - (“r r )( )( BT By )H]A — (¥, - V). 9)
d 2g 2
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Two-phase Viscosity Model

Table 1. Viscosity Correlations

Researcher Viscosity Models

McAdams et al. (1942) 1 _x_ 1-x

Hip Mg My

o

Cicchitti et al. (1960) Hyp = XHgt (1 .\')pf

XV, + (1 .x)v/-p/-
XVg + (1 .\')vf

Dukler et al. (1964) T

Ryp = Oyplle (1 a,p)(l + 2.5(1,;,);1_/- 3

- XV
Beattie and Whalley (1981) i o, = g
P V.+ _\'vl.
/g
- Holly
Lin et al. (1991) Hip = 14
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choked phenomenon will take place

i /

IIII

|

l

Fig.24.4: Step-wise calculation procedure for capillary tube length on p-h
diagram
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Example Two-phase pressure drop calculatlon YN E - 22 REL KA A
MR A—ANRE 7 mmE > EE 0.5miYEE nituhomogeneous
model FFE ARG THBA[E > o = 998.3 Kg/m?® > p; = 1.098 kg/m® > o; =
0.0661 N/m » g4 = 0.00046 Pa:s » u; = 0.0000203 Pa:s -

m=mg +m, =0.003+0.012=0.015kg/s

r'nG =0.003 kg/s di=0.007 m
x = 0.003/(0.003 + 0.012) = 0.2 ~—F
A.=m x di?/4=3.848x10"° m® = 0,012 kg ) ““ >.==
G = m/A. = 390 kg/m?s - L=05m
_ 1 1 5
p_[ X +(1—x)j _L 0.2 +(1—0.2)} =i
P Py 1.098  998.3

1

1
= = =0.0000863 Pa -
i® (x +(1_x)j ( 0.2 +(1_0.2)J \

M . 0.0000203 0.00046

GD, 390x0.007

Re., =
" 4, 0.0000863

=3163384= Z )it ’ turbulent

f. = 0.079Rerp %2° = 0.00593

dp L AUy G® 4x0.5x0.00593 390

hom — w = X =23.56kPa
D 2p 0.007 2 x5.47
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33
B4 2 (wetted coil) -

! Sier i 2 Energy balance :
1
| m,i, =Q+m,i, +m, i, (1)
0 . é ", _ Mass balance of water :
V:Ii RGO S VY; m,®; =m,m, +m,, (2)
3 e

é. Q m, (i, —1,) —m (//(Dz)l

s v A% LL¥1 |
Bl BE g A4 A =Qz=m,(i, -
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(@ 823474
BT MEEWE6-4FT B2 REAEHEE FEEYHEHEAF
B M EReE B2 R 2 a/K g A ELE — EIREE S 1F 2N ﬁ?ﬁa‘géﬁ%—%ﬁi [&] 5
W ELE R | RRZZRINIGHE > M AEZZRNE=2mRE 5 METE—
/Ny EH Em A dA, EAVEE = 7 0 B 5

—rh,di =dQ -, dW xi; , (6-23)

He o irwhy 2 at/KBEE -

H EE 1 IEITEEEET%D “a 205 = (total heat transfer) = FAFEE =
(sensible heat transfer) + 7 ZL 24 {# & (latent heat transfer) » 25 220 {H 2 5 7>
$zﬂ<>mf“? > BldQs = hcodA (T —Ty) 5 1 7EEHYBE B ) 2K B 1L ROR RE T HY

BEBRE BEFEEHREEMGHK  FRZRTE HINEERKELE -
REEdQr = hp odA(W — Wi ) (igt — Trw) > ATEL

dQ=h, ,dA, (T —T,, )+ hp o dA, (W =W, , )(ig —i1.) (6-24)
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H i he (AR R ZE REVEEZVE AR M ho o B FEHE - i
—m,dW = hD,od'Ab(\N _Ws,w) (6-25)

MERMESE —(EEFA28 > Le (Lewis number)® - H[l

e (6-26)
h, .C

D,o¥p,a

Le =

BB > 786-24T] DLER B 40T

dQ = hc’OdAb (Cp,a(T ) W _WS’WE(eig,t o if,w))

Ch.a

(6-27)

NIEREARRET > BERWEBEYURRA T -
i=c, T +W(2501+1.805T) (& fir ks kJ/kg) (6-28)
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£ 7K A O S /Y BRI 22 SBg H A R4l |
by =Cpaly + W, (250218051 ;)

ik 2 6-28 8 & 7. 6-29 7] 15:
=1, = Cpa (T —T,)+2501W -W, )
ik 2\ 6-24 00 1Y O 75 BB 47 (T-Tw) R e 2 6-300Y fa 22 » H #& -
(\N _WS,W)(ig,t _if,w)

hc od'Ab ( O
dQ=— (i—i,)—2501(W -W, )+
Cpa | Le
_| hc,od'Ab [(I | Iw) n (\N _Ws,w)(ig,t o if A 2501x Le)]
. Le

NHEEHE =R 7 Z (30 6-23813(6-25)F] {5
dQ = —h,di +m,dW xi ,,

—m, dW = hy ,dA/ (W -W, )

|

(6-29)

(6-30)

(6-31)

(6-32)

(6-33)
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5 i 69 54 6-33 % A 506-32 » B1506-31 4 ff 145K 950Q - I EERL :

AQ =y o AAMW W, )~ )

_ h,0A, {(i N (W =W, , ) (g —iy . —2501x Le) L]
Cpa Le
i 2C6-347F8 i e B 12 - BT A PAfS 2 -
di =1, :
- LeW = +(|g’t — 2501 % Le) (6-35)

S,W

=, 6-35F8 7 Fy 25 R 4R B _F bR R E R 7Y 2= & 3 A0 4% (process line or
conditioning line) - B T2k » T —F K5 5m=6-34 > F|I :

dQ =

h, oA, (i) (W =W, )(ig: —ir »—2501x Le)

c,B Le

(6-34)
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B 3% — (] B (9 28 SR PR 4 T
(a) ZKEERE Ty = 10°C
(b) 22 RHVEZBRRET = 20°C
(c) tH¥EE ¢ = 50%
fEE (AR - B Al DUfe 22 SR 4% | TR & ([ 6-2)
W =~ 0.0074 kg/kg dry air
W..~ 0.0078 kg/kg dry air
I  39.4 kJ/kg dry air
.  29.4 kJ/kg dry air
I, ~ 2454 kJ/kg
e ~ 42 kJ/Kg
I — 1, =10 kJ/kg dry air
£ — MG FEF & > Le (Lewis number) K&J1E0.9 £ 4 5 I > TR
EEERSFEMIL BlLe~1.0 -
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DA 24 6-34% 58 452 1) 55 — T AT A S A F

(\N _Ws,w)(ig,t | if W 2501x Le)

Le
~ (0.0074-0.0078)(2454—-42—-2501x1) = 0.04 kJ/kg

M z(6-34FHmAENE —H K-l = 10> BHNF —IHELLE _HKRIR
% > Bl -
(W _Ws,w)(ig,t b if,w —2501x Le)

il . 0.04
i—i, 10

~0

PRI I 3 P9 /T AR X 6-34 55 57 5 B AV 55 — T R - it = 6-34 1] i 1k ke 40
o

dQ = oo % (i-i,) (6-36)

Cpa
A 6-36RVERETHEBREEEMNE + (VG ESREENED T (2)fa =

Bagh st HAVEBEEEHRSMELSNREERDS T Q)FFAIEE > Nk
AR EGRE > BEEEEREGERE " RERE 5 (VEEEEAZRE
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AR AELEEE > AIZVEERERD T

Q=U-A-AT, =U-A-F-LMTD (6-37)

o

M AE6-280 T &5 sd 2 R B EEAENERSE = AEGHRAE
73 A% (Threlkeld, 1970) > R IE24VE & 11 5 H LI F6-3709 T4 °F -

Q=U,, -A-Ai,=U,,-A-F-LMHD (6-38)

Q =i, (ia; ~iao) (6-39)

B

A ZE SR B E T R

F:{EIERT (correction factor) » {& IE {4 M iy 50 i B iy 43 5 1 B3
EAE[E o ME— /Y F= EAE R 2R (8 FH P {8 U B R S R PERR o
et 8% (0 R D {1 U TR Y 22 SRUE (B 2RE T B

Upw RIS 2 BBV (5B

Q: RMENIHMYE

m, * RZZERHVEERE

LMHD : ¥ # - 19)E 7 (log mean enthalpy difference) » x|

%
i
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LMHD : ¥ #1513 7= (log mean enthalpy difference) » FE/R41 |
(a,i ro) (Iao rl)

.(j
Ia,o _Ir,i
H: EF‘ :

lair 1o © Ao ZESRHYHE IR HY TG (H
i\ -ﬁ%ﬂj\ AEECRE MAYRAIZZ A )IE(E  (saturated air enthalpy
evaluated at the inlet refrigerant temperature)

DM R A TR S T BY 88 R 22 SR k& B (saturated air enthalpy

evaluated at the outlet refrigerant temperature)
L@%TEPEEE% AR E R EAVE R B U2 ERIUEE 2 A E Y (R
TREEMNVEMTZEAE )

UowlB 5% 2 A 3 7

LMHD =

(6-40)
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O f
i
/_ f.m
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4
Qs
ﬁ
Isp,i Qi
>$ Ap,o is’p’o e Q:Qf_l_Qt
A& QJ Y é ;u
Tp’bj: A W -
_—
Tp’i / Y 1}
Ap, T, 3
i Qp
Fl6-5 BN R #dEdET R R


http://www.nctu.edu.tw/

©)

| 2 38 K¢

Nm‘immf Chiao Tung University

Q = (Uy, Ap)F(Ai)

# 2%t 0 P[Ai = LMHD

FAR S 4H(Cont.)

EHGEL R R BRf R 0B L

Airm

(iyi —1ro)—(lap — 1)

.n[!ai"_rOJ
lao —Iij

—— Ay

Refrigerant = S

Al g —

B4 R4 H 2 % F flfed

Awet
Z_ Rrenthalpyz. % i* (LMHD)
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i

Ton ;l i Moist Air
| |
\d\ : |
| |
! i
| | | |
Fin ~\\\\\\\\L¥ ::
Water film :\ ﬂ
condensate :: ::
\ | : : | Twp
T N ] [
po - L B
% Gk,
Tpi /
tube wall
refrigerant T, v l

B2 frep iRz 34 1 RIORBEET L H
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5T EH AL BRERF F AR TR AT
Q84 & # @ A 45 5°5° 25~ Threlkeld (1970)¥:8 4 3§ e 45 5 % > #41
3L E 4T
Q =1 ma (iai o iao) — Q — UowA) FAim (5)

Ai = (al_ro) (Iao r|)

"B |n( Iai _Iro ] (6)
I, — 1

U, = B4 ¥ 2 3% @ ik #c(overall heat transfer coefficient)

i i A% Feh Pﬁ v B
1. AR AR T B R T ave o § % B (saturated air enthalpy
evaluated at the inlet refrigerant temperature)
AR A BT T R R T g e 3 § % (B (saturated air enthalpy

evaluated at the outlet refrigerant temperature)
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(©)

L PXeA ! (10)

Kl(M )Il(Mw eq) Kl(MW eq)ll(erc)
(12)

) 1(Mw eq)IO(erc)+KO(M

)Il(MW eq)
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A

ik - ’J%"@m/ﬂfﬁ"‘. » H 2§ BB mJ/\u-ﬁ?«fpcb MFARE - B R
Flpt o RE F ihke o B F & oop =

Al

i=a+b-t >b="0
At

S
. o B . I— 4 2 2 '_‘CD
1,2 BT F e fol e )
. 2 9 /= [a™
AR L W D4 =
z ~ 5z =
b: & fed RA X =
=
=
dd 3% n,sF'; il SRl A % F';i- ) fé:
w2

b:AllAt k& WIGEES S

TEMPERATURE T g
i
TR A R S AL SD 2R Rl lb e § % B0 A2 %0 W it

é‘”&f’ﬂ'b——ﬁia ‘{:‘I;[é;_x Il}]}]?:'
IR Fid i 4% 2 L X BRH R 0
M2 IRA A e erfE fide A Kk o


http://www.nctu.edu.tw/

(C) 1 EET IS ST eryon

Q br by, buwpy, bw Z_ 18
® by =(ig —im)/(Tyi ~Tr) by = (igno —iss) (T, —Tpi)
® bupy AR¥H S Y RICKLE R b fo g § R E SRS 0 T G
(TBK ztklé'“’}\gsrimli o E I B EEE R T )
® pum ABEITHE R AIVRENE R ke frr f R B F > N
— rtrial-and--error= % 2 fp it eh> 2N > AR - BT RIS
BRT, » Rieh&iEdFx o
Qi3 5 R v g ~ 50 v g R R Y - 3Eeh
B bldefc TR & & K 0 B & (humidity ratio) » %3 & v R i
S gL
A

J1
=

® Threlkeld (1970)# f Sk AL @ &> 4% 3% (process line equation) >

4o 79T 0 F Y T & vt RRE

= Lex| —SWIL (i, ~25009Le] (14)
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B7 xﬁ; JEOP Bp 4 A3 4255 (process line equation) T &, 8]

Humidity ratio, o

\L Saturation Curve

Temperature

Process line equation
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(C) RS R Srnmeyn e

i
AR
® M Ap nRlid = AR S o
2f-G2-L,, %
APflz r -Di L (15) o
® 5 AP T I TR TR
enthalpy
_(d_pj__(d_pj (62807 9% g in ol +(1-alp,
i) @) @t g pa) [ Py Pt | (16)
BEEE  mmeoE =
@2 B pIRETFT Lo o2l
APr = APy + AP + APy + AP, (17)

He AP~ AP~ APy ~ APpa w2 &R 1~ BgeIf ~ £4 82
TERZERA A -
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IREAEES o E R A LR N
2.3+ 8 ?éxigfii,ﬁxizf_

Qwet =ma (i - 1a0)

!

[ PR RE SRR LT GRS br
0. P EARE ERETIE R 2 e B A K bp'
3. %ﬂi“ﬁ AFCROEE R 2 ey § R A Dy
.34 5 Ko R 2 4 e
FF B EAE E( : >
B35 how , # 7 P25 Nyyer, £

FEaBE chFU FAGAT

£

* Process line equation:* & % § &1 v v iRA,
TEPEF RN iR A

SRS TR
A BRIUR

O —

B T R RS T

EER & 3IESTS
BT T E N

Ko A G
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AR BEPIL RB L RGHAP AN 0 AR FFE- L oA

AR IAMAETFRCER G WIAF o R0
Q. =M, xifg Xx(A—X)=m_ xCp, x(T,—-T,,)
Q. = (UA), x(LMTD), x F

Q2c =m; ><Cpc (e _Ts) =m, ><Cpa X (rin _Tal)

,. = (UA), x(LMTD), x F

Ts

Atotal = Al Iy Az o

SHCRIEPR B GREBR Y 2 0 TR E RS AR AR

H4p % o 4R end @ BB 5 * Gnielinski Correlation (1976) &,
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li—qua/m{ Zgﬁé» ﬁAﬁﬁiﬁ B

IS

i

o etz (nucleate boiling) EA5E il ¥t 75 8¢

7F qﬁ(forced convective evaporation) ° Ffy

S A%y 0 i E
E@ " ilE o

_’;%D , ,_r_,/—f—-

H’@?E 32 7 ?'b%a

S N R

ﬂ“/)ana /I W/@/JIL /E%

ﬁlﬁﬁ /}zﬁ_;%ﬁ

T EHEVEH] Ry

/%f&'ﬁj(/) Is

5 B EI’T’\EU%  JIeRAS
iF i—WdQE/]ﬁCIJ:F‘l

SR

’fmﬁj“ A *E JIL

SYMEEIS/ O

e > &

» FEEFAY =

+ 52

IS Ry i i S U AR S A 2
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 ETAE
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&R (superposition model)

g =0ne Tt (cv

SH h = hys + h
- —+
dne = hne(Tw — Ts) NB CV
Oecv = hev(Tw — Ts)
Chen (1966)57 &S Wi M 20 FH % i B 2 R B AU e Y i 88 1% > LEEE & F Pk
> Chensg? RIEBENHEER T > hnve@ #EEHN > (fheveE B B #E 58 >
hey ] HH BEAH B0 {0 BY 20 EF %R 8 > he > 3R E— 098 &5 8

h = Sxhyg+Exh,

B RYSIUE et BRI Y {5 8 (suppression) - [T EfCER 2235 IR (R 2
(enhancement) ; = AfHE A 24HYChen’s model
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’
E = 2.35/(1/Xy +0.213)°7%¢ (4-17)
S = 1/(1+2.53x10-°xRe’:1 ) (4-18)
Hof
Re = Re E!?° (4-19)

H 1R 25 89 Wt 32 &1 (52 FH Chenty 77 7% 2K B 40 B B B35 DL 15 EEA SHY 5 72
= 41 Gungor amd Winterton (1986) i 479370020 1Y HI 5l & 15 £ 40 N HY &5
B

E =1+24000 Bo''°+1.23X,, % (4-20)

S = (1+0.00000115E°Re, "!")! (4-21)

0.875 0.125 0.5
X, = El__xj H Ps (4-22)
: X Mg PL

Bo = q (boiling number) (4-23)
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sl LAChen’s correlation 55 MR T HY A HZVE I 48 : KPHEEZ FEE »R-22°q =10
KW/m?K > T,=59C > x=0.5> G =200Kkg/m?s > di =13 mm > k. =94 mW/(m-K) > 2 = 199 pPa-s > ug
=12 pPa-s » p. = 1265 kg/m® » ps = 25 kg/m® » Pr_ = 2.51 » igy = 200 ki/kg-K » P = 583 kPa » Py = 4990

kPa (E&5LER ) » Pr=583/4990 = 0.1168 (reduced pressure)
h=S hNB + E h|_

WA EHERGLEEAEAESIEA )

Re, = Gdi(1 — x)/u = 200x0.013x(1 — 0.5)/0.000199 = 6533

h #Y &1 & w] DA i BE Ay Dittus-Boelter 2= K5t H - BE—F5R1-8
Ell

Nu = 0.023Re’® pro*

. h. = 0.094/0.013x0.023x6533%%%x2.51°* = 251.6 W/m*.K

hNB H] i CooperJ5 2 2 (7 4-6) 2K & (Cooperdy 5t H 1 » B IMHh e HUE

F901m & N ANEL Mg [F] > HUS5) -

ho _ 55q0.67M -0.5 Prm (_ |0910 Pr)—0.55

h, = 55x10000°°"x86.47°°x0.117°%x0.9327°°°> = 2275 W/m?

EXWEFET2EH 4-2-1

BTN 2R A SHIE

y _(1—xj°'875 ) (o) (1 0. 5)0'875(0.000199j0'125(1265j0'5 LA,
¢ X Lo PL 0.5 0.000012 25 '

E = 2.35/(1/Xy + 0.213)%7%° = 0.696

Re = Re E''** = 6533x0.696"?° = 4153.5

S = 1/(1+2.53x10°xRe**") = 0.958
~.h = Shyg + Eh, = 0.958%2275 + 0.696x251.6 = 2355.7 W/m*.K
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82285
hs&fE % (enhanced model)

h | WA
=~ (—EEREZS R

L

Wk (asymptotic model)

AR TOUE Y AR B A0 T o HR EVE R Ry due B qevAY AL » FE &
BOAET 0 g =dne  + Gev 0 T AE B AE 15 2R O B8 Ry W & Il FE B &l Y &R 140
k> Fit 2A

qn :qlr\]IB +q2v (4'40)

= + 1
h" =hg +h, (4-41)
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AN E i
o Threlkeld(1970)3% ! ek Bk B 42 4258 > 7 % 1L 2 2 §
e antBR D d N

- HP iizFeEd, AApEokon

jﬁ_)imf‘é"frq_% e om W s FF

oW, R AR ROET IR B T e

ez F G RAE O RokEF TR E

Le % Lewis numbero
B Rz iArliEfrer BiE2 L A3 anBF PR TP R
& — f‘fé‘mi{ % B R o~ /,ﬂfi 4 ’J\%—ax.}i“f‘—”/ PR R o Aot d % - f}iiﬁﬁ.%ﬁ

Rz Rl c g BE » BH ko fjﬁ;{ﬁ"iprocess

line equationsr— FEA=4s @ F s > 42 X (first order ODE) -
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d f b R AN R R 28R s & B R E W2

W, =W, + —- 4l
(Lex )+ (i, ~2501000 Le)
o, =1 +AI i,=C,, xT,, +W, x(2501+1.805xT,,) = T,,
4 EHFHF2-3 P EF - R FAT ARERAW 2 Ap g
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Thank you for not snoring



http://www.nctu.edu.tw/

LA D

10.

pEriry =% 1eH

(A ANEZERZE SRR B (1) 7KAGRSE (2) BRZE

FZECEE (5 )LAL 2JE o
A8 BR4E A ARG S (R e
FE N AR EIE A EE Ay fE e

‘ALLE (3) JBRERETE (4)

/R itan PR Sk e N 2T S B PR aa s
re T ZE S COPHY L1 EA (1) s BRE(KER (2) = BREHREE (3) [

P R L T B (4) P BB L

&= BRE F—EMEEJT:EI’] SENE A2 0 DS BRRY s 2 LRt IR
e 0 ZEREHYVEVE R EPETEEL - BE TR EMERIN A
E2E

ﬁl]%ﬁﬁ =] ; y %1&@?5&(* Enng'%/)lLi)

AITE R

| T

AL it arascs TR T — @ (EE ~ NI E
EREAER AT

EAHY

/? )ﬁﬁ;zzé %%ﬁ\ﬁ

[

[m{m|

—

¢

5] ERE AR SR AR R - B SR A R

i


http://www.nctu.edu.tw/

