NOTES ON THERMODYNAMICS, FLUID MECHANICS, AND GAS DYNAMICS

3.5.2. Quality

Recall that Figure 3.19 presented two tables for saturated water properties (aka, water in two-phase, liquid-
vapor equilibrium along the saturated liquid and the saturated vapor lines). The pressure and temperature
are uniquely related in this two-phase region (and along the saturated liquid and vapor lines). The top table
(Table A-2) presents the property data organized according to temperature while the bottom table (Table
A-3) presents the same data organized according to pressure. The subscripts “f” and “g” in the table refer
to “fluid” and “gas”, which is a historical notation. It is better to refer to the properties as being either at
the saturated liquid state (subscript “f” in the table) or in the saturated vapor state (subscript “g” in the
table). Similar tables exist for two-phase solid-liquid and solid-vapor.

Within the two-phase liquid-vapor region (i.e, the vapor dome), the fraction of mass that is vapor is given
by the quality, =, which is defined as,

w1 (3.51)
my + My,

where m, and m; are the masses of vapor and liquid, respectively. Note that the fraction of mass that is
liquid is,
my _ml+mv—mv_ml+mv_ My 1y (3.52)

mi+my  omutm,  mptm,  my+m,
Hence, a quality of zero corresponds to a saturated liquid (all liquid, m, = 0) while a quality of one corre-
sponds to a saturated vapor (all vapor, m; = 0). The quality can be used to determine the value of properties
within the two-phase region, given the saturated liquid and saturated vapor properties. For example, the
specific volume of a mixture (subscript “m”) of liquid (subscript “1”) and vapor (subscript “v”) in equilibrium
(i.e., in the vapor dome), assuming the quality = is known, is,

Vi =Vi+V, (3.53)
v Vi+ WV, Vi V
’Um = —m = u = —l + v (3.54)

where V,,, is the total volume of the mixture. The quantity m,, is the total mass of the mixture, i.e.,
My = my +m,. Hence,

Vi V.
O = 1 i v _ v n My + Uy _ ( my )’Ul + (L) Uy (3.55)

my + my my + my, my + My, my + my my + my my + My,

where the volume is related to the specific volume via V' = mv. Making use of Egs. (3.51) and (3.52),

(3.56)

|vm:(1—x)vl—|—wvv

Thus, the specific volume of a mixture of liquid and vapor can be thought of as the specific volume of the
saturated liquid multiplied by its mass fraction ((1 — z)v;) plus the specific volume of the saturated vapor
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multiplied by its mass fraction (xv,). Equation (3.56) may also be re-arranged to give,

Um =0+ (UU - Ul) (357)
———
=Viv
where vy, is the change in the specific volume during vaporization (liquid turns to vapor). Hence, the specific
volume of the liquid-vapor mixture is the specific volume of the liquid (v;) plus the mass fraction that has
turned to vapor multiplied by the change in specific volume during vaporization (z(v, — v;)).

A similar approach may be used to find other properties in the two-phase liquid-vapor region, such as specific
internal energy, e.g.,

’um:(l—x)ul—i—xuv:ul—i—x(uv—ul)‘ (3.58)
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What is the quality of water at a pressure of 1.00 bar (abs) and specific volume of 0.01 m*/kg?

SOLUTION:
The specific volume of a saturated substance is,
v=2v, +(1-x)v,. )
Re-arrange to solve for the quality,
=TV )
VV - Vl
For water at 1.00 bar (abs) (using Table A.3),
w = 1.694 m’/kg,
vi=1.0432*%10" m*/kg.

Solving Eq. (2) when v=0.01 m%/kg,
=0.0053.

TABLE A-3

§ Properties of Saturated Water (Liquid-Vapor): Pressure Table

Specific Volume Internal Energy Enthalpy Entropy
MIKE i SR8 Wikg .| Mlke K
Sat. Sat. Sat. Sat. Sat.

Press. Temp. Liquid Vapor Liquid Vapor Liquid Evap. Press.
bar °C v; X 10° vg ug Ug hy heg ba'rw
004 | 28.96 | 1.0040 | 34800 | 12145 | 24152 | 121.46 | 24329 54.4 | 0.04
0.06 | 3616 | 1.0064 | 23.739 15153 | 24250 | 15153 | 24159 | 2 ‘ 0.06
008 | 4151 | 10084 | 18103 17387 | 24322 | 173.88 | 24034 0.08
010 | 45.81 10102 | 14.674 191.82 | 24379 | 191.83 | 2392.8 0.10
- 0.20 60.06 1.0172 | 7.'649 | 25138 | 24567 | 25140 | 23583 | 0.20
0.30 69.10 1.0223 5.229 289.20 | 2468.4 289.23 | 2336.1 0.9439 | 7.7686 0.30
0.40 75.87 1.0265 3.993 317.53 | 2477.0 317.58 | 2319.2 1.0259 | 7.6700 0.40
0.50 81.33 1.0300 3.240 340.44 | 2483.9 340.49 | 2305.4 1.0910 | 7.5939 0.50
0.60 85.94 1.0331 2.732 359.79 | 2489.6 359.86 | 2293.6 1.1453 7.5320 0.60
0.70 89.95 1.0360 2.365 376.63 | 2494.5 376.70 | 2283.3 1.1919 7.4797 0.70
080 | 9350 1.0380 2.087 39158 | 24088 391.66 | 7.4345'

0.90 96.71 1.0410 1.869 405.06 | 2502.6 405.15 -

| 1.00 99.63 1.0432 1.694 I 417.36 | 2506.1 417.46 |
1.50 | 1114 1.0528 1159 | 46694 | 2519.7 | 467.11
2.00 | 120.2 _ 1.0605 0.8857 504.49 | 2529.5 | 504.70
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COE_53

A closed, rigid tank fitted with a fine-wire electric resistor is filled with Refrigerant 22, initially at -10 °C, a quality
of 80%, and a volume of 0.01 m3. A 12 V battery provides a 5 A current to the resistor for 5 min. If the final

temperature of the refrigerant is 40 °C, determine the heat transfer, in kJ, from the refrigerant.

Refrigerant 22

resistorl battery

SOLUTION:

The heat transferred from the refrigerant to the surroundings may Fe———-—-—---—----=
be found using the First Law applied to the refrigerant (our

system),
AEE‘RZZ = Qinto + Won = Qimo = AE‘R22 - Won H (1)

R22 R22 R22 R22
where,
AEy, =AUy, =U, - U, =m(”2 _”1)5 2

assuming that other forms of energy change, e.g., kinetic and

potential, are negligible. Note that since the container is closed,

battery

the initial and final refrigerant masses will be the same.
Furthermore, the resistor wire is not considered to be part of the
system.

The specific internal energy at state 1 is also found using the thermodynamic property tables,
u, =xu, +(1-x)u,,
where, at -10 °C in the saturated liquid-vapor phase,
x =0.80,
uy = 223.02 kl/kg,
w = 33.27 kJ/kg,
= w1 =185.07 kl/kg.

The specific volume at state 1 may be found in a similar manner,
Vv, =X, +(1—x)v, R
where,
x = 0.80,
w = 0.0652 m/kg,
vi = 0.7606*10"° m’/kg,
= v1 =0.0523 m’/kg.

The mass of the refrigerant may be found from the initial state,

m= K, (The electrical wire volume is assumed negligible compared to the tank volume.)
Vl
where,
V'=0.01 m’,
= m=0.191 kg.

3

“)

6))
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The specific internal energy at state 2 (after the 5 min) is found using the thermodynamic property tables for
Refrigerant 22 at a temperature of 40 °C and a specific volume of,
v2 =1 (since the container volume and refrigerant mass remain constant). (6)

Using the two-phase liquid-vapor thermodynamic table, observe that at the final temperature of 7> = 40 °C, the
saturated vapor specific volume is 0.0151 m*/kg, which is smaller than the specific volume at state 2, v2 = 0.0523
m’/kg. Hence, the refrigerant must be in a superheated vapor phase. Interpolating from the superheated vapor table
using 7> and vz,

u2 =250.33 kl/kg.

Combining m, u2, and u1, Eq. (2) becomes,
AU=12.46 kJ/kg.

There is no work acting on the refrigerant since the container volume remains constant and because the electrical
work goes into the wire, which is not part of the system,
W, =0. @)

on
R22

There is, however, heat that is transferred from the wire into the system. This heat may be found by applying the 1*
Law to the wire. Assuming steady conditions so that the change in total energy of the wire is zero, the total heat
from the wire will equal the total (electrical) work done on the wire,

AEwire = _erom + on erom =Won > (8)
o wire wire wire wire
=0 (steady)

where the total work done on the wire is,

W,, =VIAt (assuming that neither the voltage nor current change over time Az), )
with,

Vo o=12V,

I =5A,

At = 5min=300s,
= Wonwire = 18 k] = eromwire =18 kJ.

Break the heat into the refrigerant into two heat components, one from the wire and one from the remainder of the
surroundings,

Oior2 = Cinco r2, T Qo R22, . (10)

from wire from elsewhere

Substituting the expressions for heat, work, and energy into Eq. (1),

Oiora2, =AU =00k, » (11)
from elsewhere from wire
= Oiorn. =-5.54klJ.
from elsewhere
Since we’re interested in the heat from the refrigerant,
Oromr. = Cinorn, =5.54kl. (12)
into elsewhere from elsewhere

The process and states are shown schematically in the following 7-v plot.

T A

T2

Ty

232 2024-05-15
Page 2 of 5

C. Wassgren



NOTES ON THERMODYNAMICS, FLUID MECHANICS, AND GAS DYNAMICS

SLVM Table for R22 (from Moran et al., 8t ed., Wiley).
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SHV Table for R22 (from Moran et al., 8" ed., Wlley)
(Continuead)

. {18 s
; Wikg Ki/kg  ki/kg - K.
SRR = 2.5 bar = 0.25 MPa
Pa ’y ; T = lSl ) ""'o';;;i" >
%27 % Sat. 009097 219.55 | 242.29 | 0.9586 :

~15  0.09303 | 222.03 | 245.29 0.9703
~10  0.09528 | 224.79 | 248.61 0.9831

—5  0.09751 | 227.55 | 25193 | 0.9956 0.08025 |

0 0.09971 | 230.33 | 255.26 1.0078
0.10189 | 233.12 | 258,59 | 1.0199

0.10405 1.0318
010619 | 238.74 | 265.29 | - 10436
) 0.10831 | 241.58 | 268.6

. 1.0666

e
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SHV Table for R22 (from Moran et al., 8" ed., Wiley)
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