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Psychrometry

1. Introduction. 2. Psychrometric Terms. 3. Dalton’s Law of Partial Pressures. 4. Psychrometric
Relations..S. Enthalpy (Total Heat) of Moist Air. 6. Thermodynamic Wet Bulb Temperature or Adiabatic
Saturation Temperaiure. 7. Psychrometric Chart. 8. Psychrometric Processes. 9. Sensible Cooling. 10.
Sensible Heating. 11. Humidification and Dehumidification. 12. Sensible Heat Factor. 13. Cooling and
Detumidification. 12. Heating and Humidification. 15. Adiabatic Mixing of Two Air Streams.

37.1. Introduction

The psychrometry is that branch of engineering science, which deals with the study of moist
air i.e. dry air mixed with water vapour or humidity. It also includes the study of behaviour of dry air
and water vapour mixture under various sets of conditions. Though the earth's atmosphere is a mixture
of gases including nitrogen (N,), oxygen (O,), argon (Ar) and carbon dioxide (CO,), yet for the
purpose of psychrometry, it is considered to be a mixture of dry air and water vapour only.

33.2. Psychrometric Terms

Though there are many psychrometric terms, yet the following are important from the subject
point of view : ‘

b Pryair. The gure dry air is a mixture of number of gases such as nitrogen, oxygen,
carbon-dipxide, hydrogen, argon, neon, helium etc. But the nitrogen and oxygen have the major
portion of the combination.

The dry air is considered to have the composition as given in the following table.

Table 37.1, Compasition of dry air.

S.No. Constituent By volume By mass
1. Nitrogen (N2) 78.03% 7547%
2. Oxygen (02) 20.9% 23.19%
3 Argon (Ar) 0.M4% 1.29%
4. Carbon-dioxide (CO2) . 0.03% 0.05%
5 Hydrogen (Ha) 001% -

The molecular mass of dry air is taken as 28,966 and the gas constant for air (R,) is equal 0
0287 kl/kg K.
Noes : ) The pure dry air does not, ordinarily, exist in nature because il always contain some water vapour,

{b) The term air, wherever used in this text, means dry air containing moisture in the vapour form.

(¢) Both dry airand water vapour can be considered as perfect gases because both exist in the atmosphere
at low pressure, Thus all the perfect gas terms can be applied to them individually.

(d) The density of dry air is taken as 1.293 Inq;}rrl3 at pressure 1.0135 bar or 101.35 kN/m? and at
temperature 0"C(273K).
TYs
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3. Moisr air. It is a mixture of dry air and water vapour. The amount of water vapour,
present in the air, depends upon the absolute pressure and temperature of the mixture.

1 Saturated air.  1tis a mixture of dry air and water vapour, when the air has diffused the
maximum amount of water vapour intoit. The water vapours, usually, occur in the form of superheated
steam as an invisible gas. However, when the saturated air is cooled, the water vapour in the air starts
condensing, and the same may be visible in the form of moist, fog or condensation on cold surfaces.

1 Degree of sutration. Tt is the ratio of actual mass of water vapour in a unit mass of dry
air to the mass of water vapour in the same mass and pressure of dry air when it is saturated at the
same lemperature.

5. Humidity. It is the mass of water vapour present in | kg of dry air, and is generally
expressed in terms of gm per kg of dry air. ILis also called specific humidity ot humidity ratio.

6. Absolute humidity. 1t is the mass of water vapour present in 1 m? of dry air, and is
generally expressed in terms of gm per cubic metre of dry air. It is also expressed in terms of grains
per cubic metre of dry air. Mathematically, one kg of water vapour is equal to 15 430 grains,

7. Relutive humidity. Tt is the ratio of actual mass of water vapour in a given volume of
moist air to the mass of water vapour in the same volume of saturated air at the same temperature and
pressure. . )

8. Drvbulb temperature. 1t is the temperature of air recorded by a thermomelter, when itis
not affected by the moisture present in the air. The dry bulb temperature is generally denoted by ¢,
or £y

Y. Wer bulb temperature. It is the temperature of air recorded by a thermometer, when its
bulb is surrounded by a wet cloth exposed to the air. Such a thermometer is called *Wet bulb
thermometer. The wet bulb temperature is generally denoted

by £, O by jE:‘i@‘@
10. Wet bulb depression. It is the difference be- i

tween dry bulb temperature and wet bulb femperature at any .ﬁ.
point. The wet bulb depression indicates relative humidity of
the air.

I1. Dew poirt temperature. It is the temperature of
air recorded by a thermometer, when the moisture (water
vapour) present in it begins to condense. In other words, the
dew point temperature is the saturation teiaperature (1) cor-
responding to the partial pressure of water vapour ( p,). It is, Wl bulti
usually, denoted by £, thermometer

Note :  For sawrated air, the dry bulb temperature, wet bulb tem- ?

Dry bulb
thermometer

1Y

peralure and dew point lemperature is same.

12, Dew point depression. It is the difference be-
tween the dry bulb temperature and dew point temperature of
air..

Bulb covered
) with wetted
13, Peychrometer. There are many types of psy- wick
chrometers, but the sling payshrometer, as shown in Fig. 37.1,
is widely used. It consists of a dry bulb thermometer and a wet Fig. 37.1. Sling psychrometer.

* A wetbulb thermometer has its bulb covered with a piece of soft cloth (or silk wick) which is exposed to
the air, The lower part of this cloth is dipped in a small basin of water. The water from the basin rises up
in the cloth by the capillary action, and then gets evaporaled. It may be noted that if relutive humidity of
air is high (i.e. the air contains more water vapour), there will be little evaporation and thus there will be a
small cooling effect. On the other hand, if relative humidity of air is low (i.e. the air contains less water
vapour). there will he more evaporation and thus there will be more cooling effect,
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bulb thermometer mounted side by side in a protective case that is attached to a handle by a swivel
connection so that the case can be easily rotated. The dry bulb thermometeris directly exposed to air
and measures the actual temperature of the air. The bulb of the wet bulb thermometer is coyered by
a wick thoroughly wetted by distilled water. The temperature measured by this wick covered bulb of
a thermometer is the temperature of liquid water in the wick and is called wet bulb te mperature.

The sling psychsometer is rotated in the air for approximately one minute after which the
readings from both the thermometers are taken. This process is repeated several times to assure that
the lowest | essible wet bulb temperature is recorded.

37.3. Dalton’s Law of Partial Pressures ’
It states, "The total pressure exerted by the mixture of air and water vapour is equal to the
sum of the pressures, which each constituent would exert, if it occupied the same space by itself". In

other words, the total pressure exerted by air and water vapour mixture is equal to the barometric
pressure. Mathematically, barometric pressure of the mixture,

P,b = pq + Pu
where p, = Partial pressure of dry air, and
p, = Partial pressure of water vapour.

37.4. Psychrometric Relations

We have aready discussed some psychrometric terms in Art. 37.2. These tenms have some
relations between one another. The following psychrometric relations are important from the subject
point of view :

I. Humidity, specific or absolute humidity, humidity ratio or moisture content. It is the
mhass of water vapour present in 1 kg of dry air and is generally expresed in kg/kg of dry air. It may
also be defined as the ratio of mass of water vapour to the mass of dry air in a given volume of the
air-vapour mixture. Mathematically, ' .

Humidity, specific or absolute humidity, humidity ratio or moisture conetnt,

0.622
W 0622552 o P
pg pb - Pp
where p, = Partial pressure of water vapour,
p, = Partial pressure of dry air, and

Py = Barometric pressure.
For saturated air (i.e. when the air is holding maximum amount of water vapour), the humidity
ralio or maximum specific humidity,

Py
Py =Py

W, =W, =0622x

Partial pressure of air corresponding to saturation temperature
(Z.e. dry bulb temperature, 1,) .

2. Degree of saturation or percentage humidity. We have already discussed that the degree
of saturation is the ratio of actual mass of water vapour in a unit mass of dry air to the mass of water
vapour ia the same mass of dry air when it is saturated at the same temperature (dry bulb temperature).

In other words, it may be defined as the ratio of actual specific humidity to the sy-cific humidity of
saturated air at the same dry bulb temperature. It is, usually, denoted by 1.

]

where P,
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Mathematically, degree of saturation,
0.622p,
LA - 3
Hw, " 0y,
Py—P;

I__.—.
_&[&Z&]=fﬁ P

AU
'

Notes : (@) The partial pressure of saturated air ( p,) is obtained from the steam tables corresponding to dry bulb
temperature [,

(b) 1f the relative humidity, § = p,/ p, is equal to 2¢ro, then the humidity ratio, W=u, ie., for dry air,
degree of saturation, i = 0.

() If the relative humidity, & = p,/p,is equal to 1, then W= W,, and = 1. Thus, degice of saturation,
|t varies between O and 1.

3. Relative humidity. We have already discussed that the relative humidity is the ratio of
actual mass of water vapour (m,) ina given volume of moist air to the mass of water vapour \m,) in
the same volume of saturated air at the same temperature and pressure.

The relative humidity may also be defined as the ratio of actual pu-tial pressure of water vapour
in moist air ( p,) at a given temperature (dry bulb temperature) to the saturation pressure (p ) of water
vapour (or partial pressure of water vapour in saturated air) at the same temperature. It is usually
denoted by ¢. Mathematically, relative humidity,

W L

= =

ml p!
The relative humidity may also be obtained as discussed below
We know that degree of saturation,

- 1- b
i e B )
11-=" 1-¢x=* .
Py Py
¢=___L__
- -p 2
By

Note : For saturated air, the relative humidity is 100%. .
4. Pressure af water vapour, According to Carrier’s equation, the partial pressure of water
vapour,
_ (py—p,) (t;—1)
Po = Pu"T1544 1441,

where p, = Saturation pressure corresponding towet bulbtemperature (from
steam tables ),

p, = Barometric pressure,
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t, = Dry bulb temperature, and '

t, = Wet bulb temperature.
5. Vapourdensity or absolute humiditv.  We have already discussed that the vapour density
ur apsoiute humidity 1s the mass of water vapour present in 1 m® of dry air. Mathematically, vapour
density or absolute humidity,

We, Wip-p)

pu = Rn Td = RgTd aof Py =P‘+F|)

where p, = Pressure of air in kN/m?,
W = Humidity ratio,
R, = Gasconslant for air = 0.287 kK/kgK, and
T, = Drybulb temperature in K.

Example 37.1. The atmospheric air has a dry bulb temperature of 21° C and wet bulb
temperature 18° C. If the baromerer reads 750 mm of Hg, determine : I. partial pressure of waler
vepour ; 2. Relative humidity ; and 3. Dew point temperature.

Solution. Given : 1,=21°C;t, =18°C; p, =750 mm of Hg

\. Partial pressure of water vapour

From steam tables, we find that saturation pressure of vapour corresponding to wet bulb
temperature of 18° C, is '
_ 0,020 62
"~ 0.00133

p,, = 0.020 62 bar = 155 mmof Hg.

... ("1 mmof Hg = 0.001 33 bar)
We know that partial pressurc of water vapour,

. _(PQ"P,.,) (ty=1.)
Po=Pu=" 1544 1441,

(750—-15.5) (21 - 18) :
= "l‘-—- =
15:8 1544— 144 % 18 l4 mmof Hg Ans.

2. Relative humidiry
From steam tables, we find that saturation pressure of vapour, corresponding to dry bulb

temperature of 21° C, is

0.024 85

p, = 0.024 85 bar = 0.00133 = 18.7mm of Hg
We know that relative humidity,
Py 14
i e g | 4. s
b p, =187 0.748 or 748 % Ans

3. Dew point temperature
We know that dew point lemperature has a saturation pressure equal to the pressure of water
vapour in the air. From steam tables, we find that the temperature corresponding to 14 mm of Hg is
16.4° C. Therefore dew point temperature,
ty, = 164°C Ans.
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Example 37.2. A sling psychrometer gives reading of 25° C dry bulb temperature and 15°
C wet bulb temperature. The barometer indicates 760 mm of Hg. Assuming partial pressure of the
vapour as 10 mm of Hg, determine : 1. Specific humidity, and 2. Saturation ratio.

Solution. Given:#,=25°C;1,=15°C;p,=760mmofHg;p, = 10 mm of Hg

1. Specific humidity
We know that specific humidity,
0.622 p,

0.622x 10 §
= L= = 0.0083k fd Ans,
oy 760 - 10 g/kg of dry air Ans

2. Saturation ratio
From steam tabtes, corresponding to a dry bulb temperature of 25° C, we find that partial

pressure,

003166

= 0.001 33 = 238 mmof Hg (- 1 mmofHg=0.001 33 bar)

p, = 0031 66 bar

We know that saturation ratio,
_Po(Ps=P) _ 10(760-238) _ (41 Ans.
p,(p,—p,) 238(760-10)
37.5. Enthalpy (Total heat) oi Moist Air

The enthalpy of moist air is numerically equal to the enthalpy of dry air plus the enthalpy of
water vapour associated with dry air. Let us consider one kg of dry air. We know that enthalpy of 1

kg of dry air,

"¢=‘}u*‘d p—
where Cpa = Specific heat of dry air which is normally taken as 1.005 kJ/kg K, and
t, = Dry bulb temperature,
Enthalpy of water vapour associated with 1 kg of dry air,

h,=Wh BRI ;
where W = Specific humidity (i.e. mass of water vapour) in kg per kg of dry air,
and
h, = Enthalpy of water vapour in kJ per kg of dry air at dew point tempera-
ture ().
If the moist air is superheated, then the enthalpy of water vapour
= WCP" (rd—rdp) R (11)]
where O = Specific heat of superheated water vapour which is normally taken as
1.9 klkg K, and

pr bty ™ Degree of superheat of the water vapour.

. Total enthalpy of superheated water vapour,

h=coty+Wh+We, (t,~1,)
Em£d+w[hf¢+h_rg¢+cp1[td_rdp)] v (b = Bt )
Cppla+ W[4,2xrdp+h!m e, (&;‘f@,)] e by = 421,)
CatWe) ty+ Wihy, +(42-c,) 1)

1}

i
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The term (c,, + Wcm} is called humid specific heat (c,,,). Itis the specific heat or heat capacity
of moist air, i.e. (1+ W) kg/kg of dry air. At low temperature of air conditioning range, the value of
Wis very small. The general value of humid specific heat in air conditioning range is taken as 1.022
kl’kg K.

h=10221,+W[h,, +(42-19) 1) (e, = 19kkg K)
= 1.022¢,+ W[h!g¢+2.3 1l K
where h. . =Latent heat of vaporisation of water currcspond-ing to dew point tem-

perature (from steam tables).

Example 37.3, A sleeve psychrometer reads 40° C dry bulb temperature and 28° C wet bulb
temperature. Assuming the barometric pressure as 1.013 bar, determine : 1. Humnidity ratio ; 2.
Relative humidity ; 3. Dew point temperature ; and 4. Enthalpy of the mixture per kg of dry air.

Solution. Given:t,=40°C;1,=28°C; p,=1.013 bar
1. Humidity ratio
Firstof all, let us find the partial pressure of vapour | p,). From steam tables, we find that the
saturation pressure corresponding to wet bulb temperature of 28° C is
p, = 0.037 78 bar
_ __(pa.".p..} (t,—1)
Po = Pe™ "isaa 1441,
(1.013-0.03778) (40 - 28)

= R = e T aax s
= 0.03778 -0.007 78 = 0.03bar Ans.
We know that humidity ratio,

_0622p, 0622x0.03
py=p, 1013-003

= 0019 kg/ kg of dry air Ans.

2. Relative humidity
From steam tables, we find that the saturation pressure of vapour, corresponding to dry bulb
temperature of 40° C is
p, = 0.07375 bar

.. Reiative humidity,

3. Dew point temperature
Since the dew point temperature is the saturation temperature corresponding to the partial
pressure of water vapour ( p,), thercfore from steam tables, corresponding to 0.03 bar, dew point
temperature is
b= 24°C Ans.

4. Enthalpy of mixture per kg of dry air
From steam lables, we find that the latent heat of vaporisation of water at dew point
temperature of 24° C is

h

o = 2445 k/kg
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. Enthalpy of mixture per kg of dry air,

= 1.022¢,+ W[h,,w-r 23 4]
1.022 x 40+ 0.019 [2445 + 2.3 x 24] kI/kg of dry air
88.4 kl/kg of dry air Ans.

Example 37.4, n a laboratory test, a sling psychrometer recorded dry bulb and wet bulb
temperatures as 30° C and 25° C respectively. Calculate : 1. vapour pressure, 2. relative humidity,
3. specific humidity, 4. degree of saturation, 5. dew point temperature, and 6. enthalpy of the mixture.

Solution. Given:t,= 30°C;r1,=25"C

1. Vapour pressure
From steam tables, we find that saturation pressure of vapour corresponding to wet bulb
temperature of 25° C is
p, = 0.031 66 bar

We know that vapour pressure,
(Bs—PI U= 1)
Py = Fm?
{1.0133 - 0.031 66) (30 — 25)
1544 - 1.44 x 25
= 0.03166-000326 = 0.0284bar Ans.

= 04 ob -

2. Relative humidity
From steam tables, we also find that the saturation pressure of vapour at 30° C,
p, = 0042 42 bar
We know that relative humidity,
P 4
o D028 _ 066 or 66% Ans.
3. Specific humidity
We know that specific humidity,

_ 0622p,  0.622x00284
"~ (py-py)  10133-0.0284

= 0018 kg / kg of dry air Ans.

kg / kg of dry air

4. Degree of saturation
We know that degree of saturation,
_P@-p)
: Py (py=p,)
_ 00284 (101330042 42)
(1042 42 (1.0133 - 0.0284))

= ().651 Amns,

5. Dew point temperature

We know that dew point temperature has a saturation pressure equal to the pressure of water
vapour in the air. From steam tables, we find that the temperature corresponding to 0.0284 bar is 23°
C. Therefore dew point temperature,

ty = 23°C Ans.
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6. Enthalpy of the mixture
From steam tables, we find that the latent heat of vaporisation of water at dew point
temperature of 23° C, is

B = 2447.2 Klikg

.. Enthalpy of the mixture
= L0221, + W (hyy, +2.31,)

= 102230 +0.018 (2447.24+ 23 x 23) = 75.66 KJ Ans.

37.6. Thermodynamic Wet Bulb Temperature or Adiabatic Saturation Temperature

The thermodynamic wet bulb temperature or adiabatic saturation temperature is the tempera-
ture at which the air can be brought to saturation state, adiabatically, by the evaporation of water into
the flowing air.

The equipment used for the adiabatic saturation of air, in its simplest form, consists of an
insulated chamber containing adequate quantity of water. There is also an arrangement for extra water
(known as make-up water) to flow into the chamber from its top, as shown in Fip.37.2.

(Wa = W) bw, e

Maka up water Insulaled chamber

Unsaluraled ail - —ae= (7) ?) —— Saluraled air

G
by, Wa, a1 muT Waler (ty) 7 hz, Wa, lw

Fig.37.2.  Adiabatic saturation of air.

Let the unsaturated air efiters the chamber al section 1. As the air passes through the chamber
over a long sheet of water, the water evaporates which is camried with the flowing stream of air, and
the specific humidity of the air increases. The make up ater is added to the chamber at this
tempgrature to make the water level constant. Both the air and water are cooled as the evaporation
takes place, This process continues yntil the energy transferred from the air to the water is equal to
the energy required to vaporise the water. When steady conditions are reached, the air flowing at
section 2 is saturated with water vapour. The temperature of the saturated air at section 2 is known
as thermodynamic wet bulb temperature or adiabatic saturation temperature,

The adiabatic saturation process can be represented on T-s diagram as shown by the curve 1-2
in Fig. 37.3. During the adiabatic saturation process, the partial pressure of vapour increases, although
the total pressure of the air-vapour mixture remains constant. The unsaturated air initially at dry bulb
temperature £, is cooled adiabatically to dry bulb temperature t,, which is equal to the adiabatic
saturation temperature f,.. It may be noted that the adiabatic saturation temperature is taken equal to
the wet bulb temperature for all practical purposes,

Let h, = Enthalpy of unsaturated air at section 1,

W, = Specific humidity of air at section I,
h,, W, = Corresponding values of saturated air at section 2, and

h,, = Sensible heat of water at adiabatic saturation temperature.
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Balancing the enthalpies of air at inlet and outlet (i.e. at sections 1 and 2),
- (D

hy+(Wy= W) by, = hy
.. (i)

or h.—W,I&b=k1—W,hh

[/
’ T | Unsaturated air (Initial condition)
2
& |l = b Adiabalic saluralion process
% L."" Constanl pressure cooling
-

/ w point of unsaturaled air a1

Entropy

Fig.37.3. T-sdiagram for adiabatic saiuration process.

The term (h, ~ W, hy) is known as sigma heat and remains canstant during the adiabatic

process.
We know that h =h, +W h,

and hy=h,+W,h,

where h,, = Enthalpy of 1 kg of dry air at dry bulb temperature £,

*h,, = Enthalpy of superheated vapour at 1, per kg of vapour,
h, = Enthalpy of 1 kg of air at wet bulb temperature £, and
h, = Enthalpy of saturated vapour at wet bulb temperature £, per kg

. of vapour.
Now the equation (i) may be written as :
(hyy + W, h) =W, hy, = (B + Wy k) =W by,
DWW h —W, hﬂ =h,+Wh,
W, (hy—he) = Wy (hy=ho) +hg—hy
W, (hy—hy) +h,~h,
hy ~hg

(h, +W, h

W, =

Example 37.5. Atmospheric air at 0.965 bar enters the adiabatic saturator. The wet bulb
temperature is 20° C and dry bulb temperature is 31° U during adiabatic saluration process.
Determine 1. humidity ratio of the entering air, 2. vapour pressure and relative humidity at 31° C,
und 3. dew point temperature.

Solution. Given : p, =0.965 bar ; 1, =20°C; 1, =31"C

In psychrometry, the enthalpy of superheated vapour at dry bulb temperature 1, is taken equai lo the
enthalpy of saturated vapour corresponding to dry bulb temperature fy,.
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| Humidity ratio of the entering air
Let W, = Humidity ratio of the entering, air, and
W, = Humi:iily ratio of the saturated air.
First of all, let us find the value of W,. From steam tables, we find that saturation pressure of

vapour at 20° C,
P, = 0023 37 bar

Enthalpy of saturated vapour at 20° C,

hy = hy = 25382 kg
Sensible heat of water at 20° C,

he, = 83.9klikg

and enthalpy of saturated vapour at 31°C,
h,, = h, = 2558.7%¥g

We know that enthalpy of unsaturated air corresponding to dry bulb temperature of 31° C,
h, = mc, t; = 1x1.005x31 = 31155 k/kg

Vs [Tal:i.ngc’ for air = 1.005 k)kg K)
Enthalpy of * kg of saturated air corresponding to wet bulb temperature of 20° C,
hp = mec,1, = 1X1.005x20 = 20.1 ki/kg

_062p, 0622x0.02337

We know that W, = PP 0965—002337 = 0.0154 kg / kg of dry air
W= Wy (ha—lg) + by, - b,
e h,—h
1l T
_ 0.0154 (2538.2-83.9) + 20.1 - 31.155
- 2558.2-839

= 0.0108 kg / kg of dry air Ans.
2. Vapour pressure and relative humidity at 31° C

Let P, = Vapour pressure at 31°C,
0.622
We know that W, = i
) Pa_Pn[
0622p,,
0.0108 = 5
0.965 -p,,

0.0104-0.0108 p,, = 0.622p,,
Py = 0.0164 bar Ans.

From steam tables, we find that the saturation pressure corresponding to dry bulb temperature
of 31°Cis
p, = 0.044 91 bar

Rl tanite & B D068 o
-~ Relative humidity, ¢ = 5. = 004491 = 0.355 or 36.5% Ans,
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3. Dew point temperature
Since the dew point temperature (¢ ) 1S the saturation temperature corresponding to the partial

pressure of water vapour (p,, ), therefore from steam tables, corresponding to 0.0164 bar, we find that

t, = 145°C Ans.

37.7. Psychrometric Chart

It is a graphical representa.’on of the various thermodynamic properties of moist air. The
psychrometric chart is very usefu' for finding out the properties of air (which are required in the field
of air conditioning) and eliminz < lot of calculations. There is a slight variation in the charts prepared
by different air-conditioning :anufactures but basically they are all alike. The psychrometric chart
is normally drawn for stane’.rd atmospheric pressure of 760 mm of Hg (or 1.01325 bar).

~
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Fig. 374. Psychrometric chart.

In 2 psychrometric chart, dry bulb temperature is taken as abscissa and specific humidity Le.
moisture contents as ordinate as shown in Fig. 37.4. Now the saturation curve is drawn by plotting
the various saturation points at corresponding dry bulb temperatures. The saturation curve represents
100% relative humidity at various dry bulb temperatures. It also represents the wet bulb and dew
point temperatures. )

Though the psychrometric chart has a number of details, yet the following lines are important
from the subject point of view :

1. Dry bulb temperature lines, ‘The dry bulb temperature lines are vertical i.e. parallel to
the ordinate and uniformly spaced as shown in Fig. 37.5. Generally, the temperature range of these
lines on psychrometric chart is from — 6° C to 45° C. The dry bulb temperature lines are drawn with
difference of every 5° C and up to the saturation curve as shown in the figure. The values of dry bulb
temperature are also shown on the saturation curve.

2. Specific humidity or moisture content lines. 'The specific humidity (moisture content)
lines are horizontal i e. parallel to the abscissa and are also uniformly spaced as shown in Fig. 37.6.
Generally, moisture content range of these lines on psychrometric chart is from 0 to 30 g / kg of dry
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air (or from 010 0.030 kg / kg of dry air). The moisture cor =nt lines are drawn with a difference of
every | g (or 0.001 kg) and up to the saturation curve as shown in the figure.

l [30
g 125 ;
E 20 E
2
£ HS
a £
o HO 6
5
6 5 10 15 20 25 30 35 40 45 -
——Dry bulb temperalure, *C — —Dry bulb temperature —e-
Fig. 375. Dry bulb temperature lines. Fig.37.6. Specific humidity lines.

3. Dew point temperature lines. 'The dew point temperature li+ s are horizontal i.e. parallel
to the abscissa and non-uniformly spaced as shown in Fig. 37.7. Atany = int on the saturation curve,
the dry bulb and dew point temperatures are equal.

The values of dew point temperatures are generally given along the saturation curve of the
chart as shown in the figure.

Sl | |
d i :

& g §
o oo 3 £ §
et % e Dew point femp. F \ £
; £y a
i 2 ' T

£33 B B s 5 s B B islﬁ :

—Dry bulb temperature, “C—w —Dry bulb temparature, “C—=
Fig. 37.7. Dew point temperature lines, Fig. 37.8. Wet bulb temperature lines.

4. Wet bulb temperatures lincs. ‘The wet bulb temperature lines are inclined straight lines
and non-uniformly spaced as shown in Fig. 37.8, At any point on the saturation curve, the dry bulb
and wet bulb temperatures are equal.

The values of wet bulb temperatures are generally given along the saturation curve of the chart
as shown in the figure. -

5. Enthalpy (1otal heat) lines. The enthalpy (or total heat) li: 25 are inclined straight lines
and uniformly spaced as shown in Fig. 37.9. These lines are parallel to the wet bulb temperature lines,
and are drawn up to the saturation curve, Some of these lines coincide with the wet bulb temperature
lines also.

The values of total enthalpy are given on a scale above the saturation curve as shown in the
figure.

6. Specific volume lines. The specific volume lines are obliquely inclined straight lines and
uniformly spaced as shown in Fig. 37.10. These lines are drawn up to the saturation curve.

The values of volume lines are generally given at the base of the chart.
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7. Vapour pressure lizes. The vapour pressure lines are horizontal and uniformly spaced.

Generally, the vapour pressure 1ines are

not drawn in the main chart. But a scale showing vapour

pressure in mm of Hg is given on the extreme left side of the chart as shown in Fig. 37.11.

\

——Dry bulb temperature-—-s
Fig. 37.9. Enthalpy lincs.

s =22

(=)

——Sp. humidity —=

—Sp. humidity ——a=

2
)
%
g_.
L)

——Dry bulb temperature —e=

Fig. 3710, Specific volume lines.

——S5p. humidity —=

Sp. humidity.—

Vapour prassure in mm of (Hg

—Dry bulb temperature—-e-

Fig. 37.11. Vapour pressure lines.

—Dry bulb temperature —s=

Fig. 37.12. Relative humidity lines.

8. Relaiive humidity lines. The relative humidity lines are curved lines and follows the
saturation curve. Generally, these lines are drawn with values 10%, 20%, 30% etc., and upto 100%.
The saturation carve represents 100% relative humidity. The values of relative humidity lines are_
generally given along the lines themselves as shown in Fig. 37.12.

Example 37.6. Atmospheri_ air at 760 mm of Hg barometric pressure has 25° C dry bulb
temperature and 15° C wet bulb temperature. By using psychrometric chart, determine : 1. Relative
humidity, 2. Humidity ratio, and 3. Dew point temperature.

Solutien. *p, =760 mmof Hg;1,=25°C;1, =15°C

The initial condition of the air, i.e. 25° C dry bulb
temperature and 15° C wet bulb temperature is marked on

the psychrometric chart at point P as shown in Fig. 37.13.

I, Relative humidity

The relative humidity, as read along the relative

humidity curve, is 35%. Ans.
2. Humidity ratin
From point P, draw a horizontal

Sat. curve

@
]
Lz}
H
1
[
'
'
'
i
H
=]
o
=

— Sp. humidity —

#
line meeting the f

25
humidity ratio line at point @, asshownin Fig.37.13.Now,  -Dty bulblemperature,°C*
the humidity ratio, as read on the scale at point Q, is 6.7

g Lkg of dry air. Aus.

*  Superfluous dat
52~

Fig. 37.13
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3. Dew point temperature

From point P, draw a horizontal line meeting the saturation curve at point R, as shown in
Fig. 37.13. Now, the dew point temperature, as read on the saturation curve at point R is 8° Cv
Note :  The dew point temperature may also be read on the dry bulb temperature scale. From point &, draw a
vc:lin:alclinn meeting the dry bulb lemperature scale at point 5, as shown in Fig. 37.13. Now the reading al point
§is8"C. ;
Example 37.7. With the help of psychrometric chart, find : I. dew point temperature ; 2.
Enthalpy ; and 3. Vapour pressure ¢f air having a dry bulb temperature of 3P C and 50% relative
humidity.

Solution. Given:f, = 30°C;¢ = 50%

The initial condition of air, i.e. 30° C dry bulb temperature and 50% relative humidity is marked
on ihe psychrometric chart at point P, as shown in Fig. 37.14.

1. Dew point temperature

From point P, draw a horizontal line meeting
the saturation curve at point @, as shownin Fig. 37.14.
Now the dew point temperalure, as read on the satu-
ration curve at point Q, is 18.5° C. Ans,

2. Enthalpy

From point P, draw a line parallel to enthalpy
line (or wet bulb line) meeting the enthalpy scale at ok 2
point R. Now the enthalpy as read on the scale at point —Dry bulb temperature,*C™
Ris 64.7 kI / kg of dry air. Ans.

—Sp. humidity—e=

~Vapour pressures

3. Vapour pressure Fig.37.14

Extend the horizontal line PQ to meet the vapour pressure scale at point §. Now the vapour
pressure, as read on the scale at point 8, is 16 mm of Hg. Ans.
37.8. Psychrometric Processes

Though there are many psychrometric processes, yet the following are important from the
subject point of view :

1. Sensible cooling. 2. Sensible heating. 3. Humidification and dehumidification.

We shall now discuss these processes, in detoil, in the following pages.
37.9. Sensible Cooling

The cooling of air, without any change in its specific humidity, is known as sensible cooling.
Let air at temperature 1, passes over a cooling coil of temperature I 5, as shown in Fig. 37.] 5(a). A
little consideration will show that the temperature of air leaving the cooling coil (r,;) will be more
than ,,,. The process of sensible cooling, on the psychmmelrié chart, is shown by a horizontzl line
1-2 cextending from right to left, as shown in Fig. 37.15 (b). The point 3 represents the surface
temperature of the cooling coil.

The heat rejected by air during sensible cooling may be obtained from the psychrometric chart
by the enthalpy difference (h, — h,), as shown in Fig. 37.15 (b).

It may be noted that the specific humidity during the sensible cooling remains constant (i.e.
W, =W). The dry bulb temperature reduces from 1, to ¢, and relative humidity increases from 9,
to (, as shown in Fig. 37.15 (b). The amount of heat rejected during sensible cooling may also be

obtained from the relation :
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Heat rejected, h=h-h= fm(rn.I —f.n}*'w‘-}; (P
= [':n=+ W"m) (t, =t = Con (t, =)

o ik
' Cooling coll {13)

= W=z 2
] 2
At in (lan) | Air out (f) i §
i [} ] 3
—ie L—\ I | U[':
L | | [

L l i

r—- i faa laz I
Relngerant — Dry bulb temperaluic —=
(¢t} Psychromelric process. (b)) Psychrometric chari.

Fig. 37.15. Sensible cooling.

The term (c,, + Wc”) is called humid specific heat (c‘m) and its value is taken as

1.022 kl/kg K.
- Heatrejected,  h = 1.022 (1, — 1) ki/kg

We know that *by pass factor in sensible cooling,

L,—1
BPF. = 22
1o
and coil efficiency, n.=1-BPF =1-
n='a

Notes: 1. Forsensible cooling, the cooling coil may have refrigerant, cooling water or cool gas flowing through
it.

2. The sensible cooling can be done only upto the dew point temperature {1, ). as shown in Fig. 37.15
(b). The cooling below this temperature will result in the condensation of moisture.

Example 37.8. Amospheric air with dry bulb temperature of 28° C and a wet bulb
temperature of I17° C is cooled to 15° C without changing its moisture content. Find ; 1. Original
relative humidity ; 2. Final relative humidity ; and 3. Final !
wet bulb temperature. /

Solution. Given:1,,=28°C;4,,=17°C;1,= 5
[5°c

The initial condition of air, i.e. 20° C dry bulb
temperature and 17° C wet bulb temperature is marked on
the psychrometric chart at point 1, as shown in Fig. 37.16.
Now mark the final condition of air by drawing a horizon-
tal line through point | (because there is no change in
moisture content of the air) to meet the 15° C dry bulb
temperature line at point 2, as shown in Fig. 37.16.

—Sp. humidity——s-

~—Dry bulb temperature, "C—
Fig. 37.16

*  Under ideal conditions. the dry bulb temperature of the air leaving the apparatus (1,,,) shoul.! be equal o
thatof the cooling cuil (,4). Butitis notso, because of the inefficiency of the cooling cuil. This phenomenon
is known as by pass facier
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|. Original relative humidity
From the psychrometric chart, we find that the original relative humidity at point 1,

6, = 34% Ans.

2. Final relative humidity
From psychrometric chart, we find that the final relative humidity at point 2,

9, = 3% Ans.

3. Final wet bulb temperature :
From the psychrometric chart, we find that the wet bulb temperature at point 2,

i, =122°C Aus.

37.10. Sensible Heating

The heating of air, without any change in its specific humidity, is known as sensible heating.
Let air at temperature t,, passes over a heating coil of temperature 1,5, as shown in Fig. 37.17 (a). A
little consideration will show that the temperature of air leaving the heating coil (i.e.t,;) will be less
than ;. The process of sensible heating, on the psychrometric chart, is shown by a horizontal line
1-2 extending from left to right, as shown in Fig. 37.17 (b). The point 3 represents the surface
temperature of the heating coil.

Heating coil f T
— uﬂ:!) @?: >
; & N 2
Alr in_g Air out / k) ]
(1) () S, §
2 ®; ’/f a
[ w
3 |
|
Steam R R
—Dry bulb temperature—e
{a) Psychrometric process. (b) Psychrometnic char.

Fig. 37.17. Sensible heating.

The heat absorbed by the air during sensible heating may be obtained from the psychrometric
chart by the enthalpy difference (h, - h,), as shown in Fig.37.17 (b). It may be noted that the specific

humidity during the sensible heating remains constant (i.e. W, = W,). The dry bulb temperature
increases from'r,, (o £, and relative humidity reduces from §, to ¢, , as shown in Fig. 37.17 (b). The
amount of heat added during sensible heating may also be obtained from the relation :
Heat added, h=h-h
= CP(fa—l‘l)+ We, (thp—1,)
= (c,,t Wc’,){tﬂ—lﬂ} = cp_{tﬂ—l.")
The term (¢, + We,) is called humid specific heat (c,,) and its value is taken as
1.022 kikg K.
. Heat added, h=1022(,-t,)kiikg
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We know that by pass factor in sensible heating,

e |
BPF. =2 2%
ta=tn
" In—la
and coil efficiency, n. = 1-BPF = 1-—
ta—In

Notes: 1 For sensible heating, steam or hot water is passed through the heating coil. The heating coil may be
electric resistance coil. ,

2. The sensible heating of moist air can be done o any desired temperature.

Example 37.9. The atmospheric air at 760 mm of Hg, dry bulb temperature 15° C and wet
bulb temperature 11° C enters a heating coil whose temperature is 41° C. Assuming by-pass factor
of heating coil as 0.5, determine dry bulb temperature, wert bulb remperature and relative humidity
of the air leaving the coil. Also determine the sensible heat added to the air per kg dfdry air.

Solution. Given:p,=760 mmofHg;t, = 15°C;t,, =11°C;1,=41°C; BPF=05

The initial condition of air entering the coil at dry bulb temperature of 15° C, and wet bulb
temperature of 11° C, is markeu by point | on the psychrometric chart as shown in Fig. 37.18. Now
draw a constant specific humidity line from point I to interest the vertical line drawn through 41°C
at point 3. The point 2 lies on the line 1-3.

Dry bulb temperature of the air leaving the coil
1,, = Dry bulb temperature of the air 1
leaving the coil. ™ A z
We know that by pass factor (BPF), 4 1'0\:: h E
. " WL .
P T -ty 41-15 How &
] ] 1
_ 41 =1, i ' E :
26 i AT
ty = 28°C Ans. —— Dry bulb temperature, g

Wet bulb temperature of the air leaving the coil Fig.37.18

From the psychrometric chart, we find that the wet bulb temperature of the air leaving the
coil at point 2 is
1,, = 16.1°C Ans.
Relative humidity of the air leaving the coil
From the psychrometric chart, we find that the relative humidity of the air leaving the coil at
point 2 is,
0, = 29% Ans.
Sensible heat added 1o the air per kg of dry air
From the psychrometric chart, we find that enthalpy of air at point 2,
h, = 46 ki/kg of dry air
and enthalpy of airatpoint I, h, = 31.8 kl/kg of dry air

4 = Sensible heat added to the air per kg of dry air,
h=h,—h, =46-318 = 14.2kI/kgof dry air Ans.
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37.11. Humidification and Dehumidification

The addition of moisture to the air, without change in its dry bulb temperalure, is known
as humidification. Similarly, removal of moisture from the air, without change in its dry bulb
temperature is known as dehumidification. The heat added during humidification process and
heat removed during dehumidification process is shown on the psychrometric chart in Fig. 37.19
and 37.20 respectively.

615&@ 7 ’ &Q\"/; ‘
4 & \ 2
7 g s /Q’ « L___w.g
E
2 =
d & a8
L1 0 .
ra ™ | bt .ﬁl
L] 1 & 2
-—'Drybuib lemperalure —a= Wl Dry bulb lemperalure —=
Fig. 37.19. Humidification. Fig. 37.20. Dehumidification.

It may be noted thatin humidification, the relative humidity increases from ¢, to ¢, and specific
humidity also increases from W, to W, , as shown in Fig. 37.19. Similarly, in dehumidification, the
relative humidity decreases from ¢, to ¢, and specific humidity also decreases from W, to W, , as
shown in Fig. 37.20. .

A Hhittle consideration will show, that in humidification, change in enthalpy is shown by the
intercept (h,~ h,) on the psychrometric chart. Since the dry bulb temperature of air during the
humidification remains constant, therefore its sensible heat also remains constant. It is thus obvious
that the change in enthalpy per kg of dry air is the latent heat of vaporisation of the increased moisture
content equal to (W, — W) kg per kg of dry air. Mathematically,

(hy—hy) = hpy (Wy — W)

where ﬁ,, wd is the latent heat of vaporisation at dry bulb temperature (1,).
Notes : 1. For dehumidification, the above equation may be written as :
(hi—hy) = by (W, - W)
2. Absolute humidification and dehumidification processes are rarely found in practice. These are
always accompanied by heating or cooling processes.
37.12. Sensible Heat Factor

As a matter of fact, the heat added during a psychrometric process may be split up into sensible
heat and latent heat. The ratio of the sensible heat to the total heat is known as sensible heat factor
(briefly written as SHF) or sensible heat ratio (briefly written as SHR). Mathematically,

Sensible heat _ SH
Total heat SH+ILH

where SH = Sensible heat, and
LH = Latent heat.
The sensible heat factor scale is shown on the right hand side of the psychrometric chart.

SHF =
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37.13. Cooling and Dehumidification

This process is generally used in summer air conditioning to cool and dehumidify the air. The
process of cooling and dehumidification is shown by line 1-2 on the psychrometric chart, as shown
in Fig. 37.21. The air enters at conditiqn 1 and leaves
at condition 2. In this process, the dry bulb tempera-
ture of air decreases from 2, to f, (i.e. cooling) and
specific humidity of air decreases from W, to W, (ie.
dehumidification). The final relative humidity of the
air is generally higher than that of the entering air.

Actually, the cooling and dehumidification
process follows the path as shown by a dotted curve .
in Fig. 37.21, but for the calculation of psychrometric e =
properties, only end points are important. Thus the —Diy bulb temperature s
cooling and dehumidification process shown by aline

1-2 may be as.'sumed to have‘followed a Raih I:A (ie. Fig. 37.21. Cooling and dehumidification.
sensible cooling) and A-2 (i.e. dehumidification) as
shown in Fig. 37.21. We see that the total heat removed from the air during the cooling and

dehumidification process is

I
F
Sp. humidity —

h=h-h
= (b, —hy) +(hy~h) = SH+LH
where SH = h,—h, = Sensible heat removed, and

LH = h, —h, = Latent heat removed due to condensation of vapour
of the reduced moisture content (W, — W,).

We know that sensible heat factor,

Sensibleheat _ _ SH__ _ h,—h,
Totalheat ~ SH+ILH  h,—h,

Example 37.10. Atmospheric air at 30° C dry bulb temperature and 45% R.H. is to be
conditioned to 17° C dry bulb temperature and 15° C wet bulb temperature. Find the amount of heat
rejected by the air, Also find the sensible heat factor of the process.

Solution. Given:1,=30°C;9, =45%;1,=17C;t,=15"C

SHF =

Amount of heat rejected by the air

First of all, mark the initial condition of air, i.e. at 30° C dry bulb temperature and 45% relative
humidity on the psychrometric chart as point I Then mark
the final condition of air at 17° C dry bulb temperature and
15° C wet bulb temperature on the psychrometric chart as
point 2 shown in Fig 37.22. Now locate the point 4 by
drawing horizontal line through point 1 and ertical line
through point 2.

Fromthe psychrometric chart, we find thatenthalpy
of air at point 1,

Sp. numidity —s

h, = 60 ki/fkg of dry air
Similarly h, = 49d/kg of dry air

-Dry bulb temperature, °C

and h, = 41 k/kg of dry air
Fig. 37.22



B8 A Text Book of Thermal Engineering
We know that amount of heat rejected by the air
= h —h, = 60-41 = 19 k)/kg of dry air Ans.

Sersible heat facror
We know that sensible heat factor,

h=hy  60-49
SHF = 5k, I 0.58 Ans.

37.14. Heating and Humidification

This process is generally used in winter air conditioning to warm and humidify the air The
process of heating and humidification is shown by line 1-2 on the psychrometric chart, as shown in
Fig. 37.23. The air enters at condition 1 and leaves at condition 2. In this process, the dry temperature
of air increases from #,, to t,, (i.e. heating) and specific
humidity of air increases from W, to W, (i.e. humidifica-
tion). The final relative humidity of the air can be lower
or higher than that of the entering air.

Actually, the heating and humidification process
follows the path as shown by dotted curve in Fig. 37.23,
but for the calculation of psychrometric properties, only
the end points are important. Thus, the heating and hu-
midification process shown by a line 1-2 on the psy-
chrometric chart may be assumed to have followed the
path 1-A (i.e. sensible heating) and A-2 (i.e. humidifica- Db 1
tion), as shown in Fig. 37.23. We sce that the total heat " o o Perae T
added to the air during heating and humidification is Fig. 37.23. Heating and humidification,

h=h,=h,
= (hy—=h) +(h,—h) = LH+SH

Sp. humidity —=

"
o=

where LH =iy~ h, = Latent of vaporisation of the increased moisture content
(W,—W,), and
SH = hy ~ h, = Sensible heat added.
We know that sensible heat factor,

SHF = Sensibleheat _ SH By —h
T Totalheat ~ SH+LH = hy—h,

Example 37.11.  Atmospheric air at a dry bulb temperature of 16° C and 25% relative
humidity passes through a furnace and then through a humidifier, in such a way that the final dry
bulb temperature is 30° C and 50% relative humidity. Find the heai and moisture added 1o the air.
Also derermine the sensible heat factor of the process.

Solution. Given:if,=16"C;0,=25%;1,=30°C; ¢,=50%

Heat added 1o the air

First of all, mark the initial condition ofair i.e. at 16° C dry bulb temperature and 25% relative
humidity on the psychrometric chart at point 1, as shown in Fig. 37.24. Then mark the final condition
of air at 30° C dry bulb temperature and 50% relative humidity on the psychrometric chart as point
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2. Now locate the point A by drawing horizontal line through point 1 and vertical Iine through point
2. From the psychrometric chart, we find that enthalpy of air at poipt 1,

h, = 23 ki/kg of dry air

Enthalpy of air at point A, I
h, = 37.5k)/kg of dry air i
and enthalpy of air at point 2, W, E '
hy = 645 KI/kg of dry air a
7]
. Heat adkded to the air . % w, |
=h~h =645-23 ! )
16 30
= 415 kl/kg of dry air Ans.  ___Dry bulb temperature, C——=
Muoisture added to the air Fig. 37.24

From the psychrometric chart, we find that the specific humidity in the air at point 1,
W, = 0.0028 kg / kg of dry air
and specific humidity in the air at point 2,
W, = 0.0134 kg / kg of dry air
. Moisture added to the air
= W,— W, = (0.0134-0.0028) = 0.0106 kg/ kg of dry air Ans.

Sensible heat factor of the process
We know that sensible heat factor of the process,

37.15. Adiabatic Mixing of Two Air Streams

When two quantities of air having different enthalpies and different specific humidities are
mixed, the final condition of the air mixture depends upon the masses involved, and on the enthalpy
and specific humidity of each of the constituent masses which enter the mixture.

s

@@@M 1 1
—

/!‘1 3 W‘ 5

15

! e

2 2 T

iz oy
—Dry bulb temperature—-
Fig. 37.25. Adiabatic mixing of two air streams ®

Now consider two air streams 1 and 2 mixing adiabatically, as shown in Fig. 37.25 (a).
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Let m, = Mass of air entering at |,
b, = Enthalpy of air entering at 1,
W, = Specific humidity of air entering at I,
m,, hy, W, = Corresponding values of air entering at 2, and
my, by, Wy = Corresponding values of the mixture leaving at 3.

Assuming no loss of enthalpy and specific humidity during the air miXing process, we have
tor the mass balance,

s Sl ... (D)
* For the energy balance,
m hy+myhy = myhy ... (i)
and for the mass balance of water vapour,
my Wy +my W, = my W, ()
From equations (i) and (if),
m, hy+myhy = (my+m) hy = my hy+myhy

or m h —m hy = myh,=mh,
m (h,=hy) = my(hy=hy)
m h,—~h
Similarly, from equations (i) and (iii),
i = M (v
m W -W,

Now from equations (iv) and (v),
R LB R L. (Vi)

The adiabatic mixing process is represented on the psychrometric chart, as showninFig.37.25
(b). The final condition of the mixture (point 3) lies on the straight line 1-2. The point 3 divides the
line 1-2 in the inverse ratio of the mixing masses. By calculating the value of W, from equation (vi),
the point 3 is plotted on the line 1-2.

Example 37.12.  One kg of air at 40° C dry bulb temperazure and 50% relative humidity is
mixed with 2 kg of air at 20° C dry bulb temperature and 20° C dew point temperature. Calculate the
temperature and specific humidity of the mixture.

Solution, Given:m, =1kg;/, =40°C; ¢, =50%;m,=2 kg:lﬂ%‘?ﬂ“C;rdp= Wwe

Specific humidity of the mixture
Let W, = Specific humidity of the mixture.

The condition of first mass of air at 40° C dry bulb temperature and 50% relative humidity is
marked on the psychrometric chart at point I, as shown in Fig. 37.26. Now mark the condition of
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second mass of air at 20° C dry bulb temperature and 20° C dew point temperature at point 2, as shown
in the figure. This point lies on the saturation curve. Join the points | and 2. Frem the psychrometric
chart, we find that specific humidity of the first mass of air,

W, = 00238 kg/ kg of dry air

and specific humidity of the second mass of air,

W, = 0.01i8 kg/ kg of dry air t

We know that ‘:: %
m _W-W W 3

m, W, W, ‘8

W, - 00148 |

] 2y e
2~ 00233- W,
or  00238—W, = 2W,-0029

~——Diry bulb temp *C—

W, = 0.0178 kg/ kg of dry air Ans. bip 2135

Temperature of the mixture
Now plot point 3 on the line joining the points 1 and 2 corresponding to specific humidity
W, = 0.0178kg / kgof dry airasshown in Fig. 37.26. We find thatat point 3, the dry bulb temperature

of the mixture is
t;, = 268 C Ans.

EXERULISES

1.  Asling psychrometer reads 44° C dry bulb temperature and 30° C wet bulb temperature. Calculate
1. vapour pressure ; 2. specific humidity ; 3. relative humidity ; 4. dew point temperature ; and 5. enthalpy of the
mixture per kg of dry air. [Ans. 0.033 bar ; 0.021 kg/fkg of dry air; 36.7%:25.9° C; 99.3 kJ]
; 2. The humidity ratio of atmospheric air at 28” C dry bulb temperature and 760 mm of mercury is
0.016 kg/kg of dry air. Determine : 1. partial pressure of water vapour, 2. relative humidity, 3. dew point
temperature, and 4. specific enthalpy. [Ans. 00253 bar ; 67% ; 21.1" C; 68.6 kJ/kg of dry air]
3. The atmospheric air enters the adiabatic saturator at 33° C dry bulb temperature and 23° C wet bulb
temperature. The barometric pressure is 740 mm of Hg. Determine the specific humidity and vapour pressure at
L5 8 [Ans, 0.012 kg/ke of dry air ; 13 mmof Hg|
4. A sample of air has 22° C DBT, rclative humidity 30 percent at barometric pressure of 760 mm of

Hg. Calculate : 1. Vapour pressure, 2. Humidity ratio, 3. Vapour density, and 4. Enthalpy.

Verify your results by psychrometric chart,
[Ans. 0.008 bar ; 0.005 kg/kg of dry air ; 0.005 82 kg/m® of dry air : 34.8 ki/kg of dry air)
5. A quantity of air having a volume of 300 in® at 30° C dry bulb temperature and 257 C wet bulb
tempecature is heated to 40° C dry bulb temperature. Estimate the amount of heat added, final relative humidity
and wet bulb temperature. The air pressure is 1.013 25 bar.

[Ans. 3533 4 kl/kg 1 39% ; 27.5° C]
6. 2kgofairat40" C dry bulb temperature and 50% relative humidity is mixed with 3 kg of air at 20°
C dry bulb temperature and 12° C dew point temperature. Calculate specific humidity and the dry bulb
temperature of the mixture. _ [Ans. 14.5 g/kg of dry air : 28" C]
7. 800 m*min of recirlculaled air at 22° C DBT and 10° C dew point temperanure is (o be mixed with
300 m¥min of fresh ait at 30° C DBT and 50% RH. Datermine the enthalpy, specific v wme, humidity ratio and
dew point temperature of the mixture. [Ans. 47.6 k)Ag . 0856 m¥kg ;9.2 p/kg of dry air i 13°C]
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QUESTIONS

1. What do you understand by the term 'psychrometry’.
2. Define the following :

1. Specific humidity ; 2. Absolute humidity ;

3. Relative humidity ; and 4, Dew point temperature.
3. What is a sling psychrometer ? Make a neat sketch and explain its vse.
4. Establish the following expression for air-vapour mixture :

Specific humidity, W = 0.622 x B
pb-'pn
where p, = Partial pressure of water vapour,
and P, = Barometric pressure.

5. How does the wet bulb temperature differ from thermodynamic wet bulb temperature ?
6. Prove that the partial pressure of water vapour in the atmospheric air remains constant as
long as the specific humidity remains constant.
7. Prove that the enthalpy of the humid air remains constant along a wet bulb temperature
line on the psychrometric chart.
8. When is dehumidification of air necessary and how it is achieved.
9. Define sensible heat factor.
10. Show the following processes on the skeleton psychrometric chart
(a) Dehumidification of moist air by cooling ; and
(b) Adiabatic mixing of two streams.
OBJECTIVE TYPE QUESTIONS

1. A mixture of dry air and water vapour, when the air has diffused the maximum amount
of water vapour into it, is called _
(a) dry air (b) moist air (c) saturated air (d) specific humidity
2. "rhe temperature of air recorded by a thermometer, when it is not effected by the moisture
present in it, is called

(&) wet bulb temperature (b) dry bulb temperature
() dew point temperature (d) none of these

3. For unsaturated air, the dew point temperature is ..... wet bulb temperature.
(a) equal to (b) less than (c) more than

4. The difference between dry bulb temperature and wet bulb temperature, is called
(a) dry bulb depression (b) wet bulb depression
(c) dew point depression (d) degree of saturation

5. The vertical and uniformly spaced linés on a psychrometric chart indicates
(a) dry bulb temperature (b) wet bulb temperature
(c) dew point temperature (d) specific humidity

6. The curved lines on a psychromelric chart indicates
(a) dry b-Ib temperature (b) wet bulb temperature
(c) specific humidity (d) relative humidity

7. During sensible cooling of air, the specific humidity
(a) increases (b) decreases () remains constant
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8. During sensible cooling of air, the dry bulb temperature

(a) increases (b) decreases (c) remains constant

9. During sensible cooling of air, the wet bulb temperature

(a) increases (b) decreases (c) remains constant

10. The process generally used in winter air conditioning to warm and humidify the air, is

called

1.(e)
6.(d)

(a) humidification (b) dehumidification
(c) heating and humidification (d) cooling and dehumidification
ANSWERS
2.(b) 3.(b) 4.(b) 5.(a)
7.(¢c) 8.(b) 9.(b) 10.(c)
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Air Conditioning Systems

1. Introduction. 2. Factors Affecting Comfort Air Conditioning. 3. Air Conditioning Svstem. 4.
Equipments used in an Air Conditioning System. 5. Classifications of Air Conditioning Systems. 6.
Comfort Air Conditioning System. 7. Industrial Air Conditioning System. 8. Winter Air Conditioning
System. 9. Summer Air Conditioning System. 10. Year-round Air Conditioning System. 11. Unitary Air
Conditioning System. 12. Ceniral Air Conditioning System.

38.1. [Iniroduction

The air conditioning is that branch of engineering science which deals with the study of
conditioning of air for *human comfort. This subject, in its broad sense, also deals with the
conditioning of air for industrial purposes, food processing, storage of food and other materials.
38:2. Factors Affecting Comfort Air Conditioning

The four important factors for comfort air conditioning are discussed as below :

1. Temperature of air., In air conditioning, the*control of temperature means the mainte-
nance of any desired temperature within an enclosed space even though ke temperature of the outside
air is above or below the desired room temperature. This is accomplished either by the addition or
removal of heat from the enclosed space as and when demanded. It may be noted that a human being
feels comfortable when the air is at 21° C with 56% relative humidity.

2. Humidity of air. The control of humidity of air means the increasing or decreasing of
moisture contents of air during summer or winter respectively in order to produce comfortable and
healthy conditions. The control of humidry is not only necessary for human comfort but it also
increases the efficiency of the workers. In general, for summer air conditioning, the relative humidity
should not be less than 60% whereas for winter air conditioning it should not be more than 40%.

3. Purityofair. Itisanimportant factor for the comfort of a human body. Ithas been noticed
that people do not feel comfortable when breathing contaminated air, even if it is within acceptable
temperature and humidity ranges. It is thus obvious that proper filtration, cleaning and purification
of air is essential to keep it free from dust and other impurities.

4. Motion ofair. 'The motion or circulation of air is anothe. important factor which should
be controlled, in order to keep constant temperaturt throughout the conditioned space. Itis, therefore,
necessary that there should be equi-distribution of air throughout the spare to be air condi tioned.

«  Suictly speaking, the human comfort depends upon physiological and psychological conditions. Thus itis
difficult 1o define the term *human comfort’. There are many definitions given for this term by different
baaies. Bat the most accepted definition, from the subject point of view, is given by the American Society
uf Heating, Refrigeration and Air conditioning Enginecrs (ASHRAE) which states "human comfort is that
condition af mind which expresses satisfaction with the thermal environment.”

824
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383. Air Conditioning System

We have already discussed in Art. 38.2, the four important factors which effect the human
comfort. The system which effectively controls these conditions to produce the desired effects upon
the ecupants of the space, is known as an air conditioning system.

38.4. Equipments Used in an Air Conditioning System

Following are the main aguipments or parts used in an air conditioning system :

1. Circulation fan. The main function of this fan is to move air to and from the room.

2. Air conditioning units. It is a unit, which consists of cooling and dehumidifying proc-
esses for summer air conditioning or heatirg and humidification processes for winter air conditioning.

3. Supply duct. Itdirects the ~onditioned air from the circulating fan to the space to be air
conditioned at proper point,

4. Supply outlets. ‘'These are grills, which distribute the conditioned air evenly in the room.

5. Return outlets. ‘These are the openings in a room surface which allow the room air to
enter the return duct.

6. Filrers. Themain function of the filters is to remove dust, dirt and other harmful bagteria

from the air. :
~ 38.5. Classifications of Air Conditioning Systems
' The air conditioning systems may be broadly classified as follows :
I. According to the purpose
(a) Comfort air conditionipg system, and
(b) Industrial air conditioning system.
2. According to season of the year
(a) Winter air conditioning system,
(b) Summer air conditioning system, and
(c) Year-round air conditioning system.
3. According to the arrangement of equipment
(a) Unitary air conditioning system, and
(&) Central air conditioning system.
In this chapter, we shall discuss all the above mentioned air conditioning systems, one by one.
38.6. Comfort Air Conditioning System

In comfort air conditioning, the air is brought to th s required dry bulb temperature and relative
humidity. If sufficient data of the required condition is not given, then it is assumed to be 2]°.C dry
bulb temperature and 50% relative humidity. The sensible heat factor is, generally, kept as following :

For residence or private office = 0.9

For restaurant or busy office = 0.8

Auditorium or cinema hall =07

Ball room dance hall etc. =06

The comfort air conditioning may be adopted for small cabins, office halls or big halls like
cinema houses,

Example 38.1.  An air conditioning plant is required to supply 60 m’ o [ air per minute at a
DBT of 2i° C and 55% R.H. The outside air is at DBT of 28° C and 60% RH. D:termine the mass of
water drained and capacity of the cooling coil. Assume the air conditioning plant first to dehumiify
and then to cool the air.
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Solution. Given : v, = 60 m’/min ; 1,=21°C;9,=55%;1,=28°C; 9, =60%

Mass of water drained ‘
First of all, mark the initial condition of air at 28° C dry bulb temperature and 60% relative

humidity on the psychrometric chart as point 1, as shown in Fig. 38.1. Now mark the final condition

of air at 21° C dry bulb temperature and 55% relative

humidity as point 2. From the psychrometric chart, we P

‘\@ﬂ“ﬁ hy.

find that
Specific humidity of air at point 1,
W, = 0.0142 kg / kg of dry air
Specific humidity of air at point 2,
W, = 0.0088 kg / kg of dry air
and specific volume of air at point 2,
v,, = 0.845m’/ kg of dry air
We know that mass of air circulated,

— Sp. humidity

-—  Dry bulb lemperature, °C -=

Fig. 38.1
T ;
e 5_'."H:g!mm
.. Mass of water drained

= m, (W,=W,) = 71(0.0142 - 0.0088) = 0.3834 kg /min _
L= 23ke/h Ans.
Capacity of the cooling coil - ]
From the psychrometric chart, we find that
Enthalpy of air at point 1,
h, = 63.8kJ /kg of dry air
and enthalpy of air at point 2,
h, = 44.5KJ | kg of dry air
.". Capacity of the cooling coil
=m, (h,—h,) = 71(63.8-44.5) = 1370.3kJ /min Ans.

38.7. Industrial Air Conditioning System
Itis an important system of air conditioning these days in which the inside dry bulb temperature
and relative humidity of the air is kept constant for proper working of the machines. Some of the
sophisticated electronic and other machines need a particular dry bulb temperature and relative
humidity. Sometimes, these machines also require a particular method of psychrometric processes.
Example 38.2, Following data refers to an air conditioming system 1o be designed for an
industrial process for hot and wet climate : '
Outside conditions © =30°CDBTand 75% RH
Regquired inside conditions = 20° C DBT and 60% RH
The required condition is to be achieved first by cooling and dehumidifying and then by
heating. If 20 m’ of air is absorbed by the plant every minute, find ; 1. capacity of the cooling coil in
tonne of refrigeration ; 2. capacity of the heating coil in kW ; and 3. amount of water removed per

Solution. Given:t, =30°C ¢, =75% ;1,=20°C; ¢, =60%:v, = 20 m"/min
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V. Capacity of the cooling coil in ronne of refrigeration

First of all, mark the initial cogdition of air at 30° C dry bulb temperature and 75% relative
kumidity on the psychrometric chart as point 1, as shown in Fig. 38.2. Then mark the final condition
& air o 20° C dry bulb temperature and 60% relative humidity on the chart as point 3.

Now lecate the points 2’ and 2 on the / [
saturation curve by drawing horizontal lines
through points | and 3, as shown in Fig. 38.2. @@
Onthe chart, the process 1-2°-2 represents the < h
cooling and dehumidifying process and 2-3 / h,
represents the heating process. From the psy-
chrometric chart, we find that the specific
volume of air at point I,

v, = 0.886 m% kg of dry air

=

=
= 5p. humidity —==

A e LT T pep——

I
I
1
]
'
1
1

Enthalpy of air at point 1, 20

h, = 81.8kI/kg of dry air —— Dry bulb lemperalture, *G—e=
Fig 38.2

g

and enthalpy of air at point 2,
h, = 34.2k3/ kg of dry air
‘We know that mass of air absorbed by the plant,

. (A .
m, = " = 0.886 = 22.6 kg/ min

. Capacity of the cooling coil
=m,(h —h) = 226(81.8-34.2) = 1075.76 kJ / min

_ 107576
=210 ° 5.1 TR Ans.

2. Capacity of the heating coil in kW

From the psychrometric chart, we find that enthalpy of air at point 3,

hy = 42.6 kJ / kg of dry air
. Capacity of the heating coil
=m,(hy—h) = 22.6(42.6 - 34.2) = 189.84 kJ / min
189.84
o 20204
60

= 316 kW Ans.

3. Amount of waier removed per hour
From the psychrometric chart, we find that specific humidity of air at point |,
W, = 0.0202 kg / kg of dry air
and specific humidity of air at point Z,
W, = 0.0088 kg / kg of dry air
- Amount of water removed per hour
=m, (W~ W, = 22.6(0.0202 - 0.0088) = 0.258kg/ min
= 1548kg/h Ans.
337
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38.8. Winter Air Conditioning System
In winter air conditioning, the air is heated, which is generally accompanied by humidificaion.
The schematic arrangement of the system is shown in Fig. 383.

- - Conditioned
Recirculated air -<¢— space
Damper l -
v Humidifier
‘ f
—_— = -
— —_—
Qutside air
—H—(IT"F—
Filter =1 ' Fan
Preheater Aeheat coil

Fig. 38.3.  Winter air conditioning system.

The outside air flows through a damper and mixes up with the recirculated air (which is
obtained from the conditioned space). The mixed air passes through a filter to remove dirt, dust and
other impurities. The air now passes through a preheat coil in order to prevent the possible freezing
&1 water and to control the evaporation of water in the humidifier. After that, the air is made to pass
through a reheat coil to bring the air o the designed dry bulb temperature. Now, the conditioned air
is supplied to the conditioned space by a fan. From the conditioned space, a part of the used air is
exhausted to the atmosphere by the exhaust fans or ventilators. The remaining part of the used air
(known as recirculated air) is again conditioned, as shown in Fig, 38.3.

The outside air is sucked and made to mix with the recirculated air, in order to make up for
the loss of conditioned (or used) air through exhaust fans or ventil ation from the conditioned space.

Example 38.3. In a winler air conditioning sysiem, 100 m’ of air per minute at 15° C dry
bulb temperature and 80% RH is heated until its dry bulb temperature is 22° C. Find heat added to
the air per minute.

Solution. Given:v, = 100m¥min; 1, =15°C:¢, =80%1,=22°C

First of all, mark the initial condition of air at 15° C dry bulb temperature and 80% relative
humidityon the psychrometric chart as point 1. Now mark final condition of air by drawing a
horizontal line through point 1 up to 22° C dry bulb
temperature, as shown in Fig. 38.4. From the psy-
chrometric chart, we find that enthalpy of airat point I,

h, = 36.5KkJ / kg of dry air q}p‘a
Similarly, h, = 43.5kJ/kg of dry air

Moreover, specific volume of air at point |,
v, = 0827mY kg

— Sp. humidity

15 22

. Mass of air heated per minute, —Dry bulb temperalure, *C —-
L 100
B, — . re—— - k 1
M=y, T 0827 b Fig; A

and heat added to the air per minute
= m, (hy—h,) = 1209 (43.5-365) = 8i6.3 k] Aus.
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3RY. Summer Air Conditioning System

It is the most important type of air conditioning, in which the air is cooled and gencrally
dehumidified. The schematic arrangement of a typical summer air conditioning systzm is shown i
Fig. 38.5.

Conditioned
space

Recirculated gir =-—

Perforated
membrane

Outside
air

ﬁamper

Filler / BT
Cooling Healing coil

coil
Fig.38.5. Summer air conditioning system.

The outside air flows through the damper, and mixes up with recirculated air (which is obtained
from the conditioned space). The mixed air passes through a filter to remove dirt, dust and other
impurities. The air now passes through a cooling coil. The coil has a temperature much below the
required dry bulb temperature of the air in the conditioned space. The cooled air passes through a
perforated membrane and looses its moisture in the condensed form which is collected in a sump.
After that, the air is made to pass through a heating coil which heats up the air slightly. This is done
to bring the air to the designed dry bulb temperature and relative hu midity.

Now the conditioned air is supplied to the conditioned space by a fan. From the condilioned
space a part of the used air is exhausted to the atmosphere by the exhaust fans or ventilators. The
remaining part of the used air (known as recirculated air) is again conditioned, as shown in Fig.38.5.
The outside air is sucked and made to mix with the recirculated air in order to make up for the loss
of conditioned (or used) air through exhaust fans or ventilation from the conditioned space.

Example 384. A theatre of 1200 seating capacity is to be air conditioned for summen
conditions with the following data :

Outdoor conditions 30° C DBT and 55% gH
Required conditions 20° C DBT and 60% RH
Amount of air supplied 0.25 m’/min/person

Find the sensible heas, latent heat removed from the air per minute and sensible heat factor
for the system.

Solution. Given : Seating capacity = 1200
persons 1, =30°C; ¢, =55% ;1,=22°C; ¢,=
60% : v, = 0.25 m*/min/ person = 0.25 x 1200 =
300 m”min
Sensible heat removed from the air

—— Sp. humidhy —

First of all, mark the initial condition of air at i3
30°C dry bulb temperature and 55% relative humidity i
on the psychrometric chart as point 1, as shown in Fig. E
38.6. Now mark the final condition of air at 20° C dry 55 =

bultr temperature and 60% relative humidity on the
chart as point 2. Now locate point 3 on the chart by

——— Dry bulb temperalura, °C —
Fig. 38.6
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drawing horizontal line through point 2 and vertical line through point 1. From the psychrometric
chart, we find that enthalpy of air at point 1,
h = 68 kI / kg of dry air

Similarly hy = 4213/ kg of dry air
and hy = 52.5kJ/ kg of dry ait

Moreover, specific volume of air at point 1,
v, = 0.88m’/ kg

. Mass of air codled per minute

v 300
m, = = 0gg = M09k
and sensible heat removed from the air,
SH = m, (hy~ h;) = 3409 (52.5 - 42) = 3579.5k)/ min Ans.

Latent heat removed from the air
We know that the latent heat removed from the air,
LH =m,(h,-h) = 340.9 (68 - 52.5) = 5284 kI / min Ans.

Sensible heat factor for the sysiem
We also know that sensible heat factor for the system,

__SH __ 35195
T SH+LH ~ 35795+5284

38.10. Year-round Air Conditioning System

An year-round air conditioning system should have equipment for both the winter and summer
air conditioning. There can be so many combinations for providing year-round air conditioning. The
arrangement of the combination should be such that one part is working in winter and the other in
summer. For example, heating and humidification is needed in winter, whereas cooling and dehu-
midification is needed in summer.

38.11. Unita:y Alr Conditioning System

) In this system, factory assembled air conditioners are installed in or adjacent to the space to
be conditioned. The unitary air conditioning systems are of the following two types :
\. Window units. These are self-contained units of small capacity of 1 tonne to 3 tonnes, and
_are mounted in a window or through the wall. They are employed to condition the air of one rsom
only. If the room is bigger in size, then two or more units are installed.
: 2. Vertical packed units. These are also self-contained units of bigger capacity of 5 to 10
tonnes and are installed adjacent to the space to be conditioned. This is very useful for conditioning
the air of a restaurant, bank or small office.
The unitary air conditioning system may be adopted for winter, summer of year-round air
conditioning.
38.12. Central Air Conditioning System .
This is the most important type of air conditioning system, which is adopted when the cooling
capacity required is 25 tonnes or more. The central air conditioning system is also adopted when the
air flow is more than 300 m* min or different zones in a building are to be conditioned.

= 04 Ans.
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Example 38.5. An air conditioning plani is to be designed for a small office for winter
conditions :

QOut-door conditions = /(0P C DBT 8 C WBT
Required indoor conditions = 20° C DBT and 60% RH
Amount of air circulation = 0.3 m*/mindperson
Seating capacity of the office = 50 persons

The required conditions is achieved first by heating and then by adiabatic humidifying. Find :
1. heating capacity of the coil in kW ; and 2. capacity of the humidifier.

Solution.  Given : 1, =10°C;r,, =8 C;1,=20"C: ¢, = 60% : Seating capacity = 50
persons ; v, = 0.3 m¥min/ person = 0.3% 50 = 15 mmin

First of all, mark the initial condition of air at 10° C dry bulb temperature and 8° C wet bulb
temperature on the psychrometric chart as point 1, as shown in Fig. 38.7. Now mark the final condition
of air at 20° C dry bulb tempecature and 60% relative humidity on the chart as point 2. Now locate
point 3 on the chart by drawing horizontal line through point | and constant enthalpy line through
point 2. From the psychrometric chart, we find that the specific volume at point 1,

v, = 0.81 m" kg of dry air
. Mass of air supplied per minute,

5

N
—— Sp. humidity ——e

10 20
~———Dry bulb lemperalure, °C ———a

Fig. 38.7
I Heating capacity of the coil in kW
From the psychrometric chart, we find that enthalpy at point 1,

h, = 24.8 kI / kg of dry air
and enthalpy at point 2, A, = 42,6 kJ / kg of dry air
We know that heating capacity of the coil
=m,(hy—h) = 18.52(42.6 - 24.8) = 329.6 kI / min
li?)_‘ﬁ' = 549kW Ans,
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2. Capacity of the humidifier
From the psychrometric chart, we find that specific humidity at point 1,
W, = 0.0058 kg / kg of dry air
and specific humidity at point 2,
W, = 0.0088 kg / kg of dry air
We know that capacity of the humidifier,
=m,(W,-W) = 18.52(0.0088 — 0.0058) = 0.055 kg / min
= 33kg/h Ans.

Example 38.6. A small office hall of 25 persons capacity is provided with summer air
conditioning system with the following data :

Qutside conditions = 34° C DBT and 28° C WBT
Inside conditions = 24° C DBTand 50% RH
Volume of air supplied = 0.4 m’/min/pern

Sensible heat load in room = 25 600 klfh

Latent heat load in the room = 42 000 kIt

Find the sensible heat factor of the plant.
Solution. Given : Seating capacity = 25 persons ; f,, =34°C 1, = 28°C;1,=24°C;
¢,=50% ; v, = 0.4 m"min/person= 0.4x25 = 10 m¥ h; SH load = 125 600 kJ/h ; LH load
=42000 kJ/h
First of all, mark the initial condition of air at 34° C dry bulb temperature and 28° C wet bulb
temperature on the psychrometric chart as point 1, as shown in Fig. 38.8. Now mark the final condition
of air at 24° C dry bulb temperature and 50% relative humidity on the chart as point 2. Now locate
point 3 on the chart by drawing horizontal line
through point 2 and vertical line throbgh point
1. From the psychrometric chart, we find that the
specific volume at point 1,
v,; = 0.9 m"/ kg of dry air
Enthalpy of air at point 1,
h, = 90kJ/ kg of dry air
Enthalpy of air at point 2,
h, = 48.2K)/ kg of dry air
and enthalpy of air at point 3,

hy = 59 kI / kg of dry air

— Sp. humidity —=

— Dry bulb temperature,"C —=
Fig. 38.8

We know that mass of air supplied per min,
m, =— =— = 111 kg/min

and sensible heat removed from the air
= m, (hy—h) = 11.1(59-482) = 119.88 kI / min

= 71928 kI
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. Total sensible heat of the room,
SH = 7192.8 + 125 600 = 1327928 kJh

We know that latent heat removed from the air
=m,(h—hy) = 1L1(90—59) = 344.1 kJ /min = 20646 kJ/h

.. Total latent heat of the room
LH = 20646+ 42000 = 62 646 kJ/h

We know that sensible heat factor,

SH 1327928
SHE = SH+LH = 1327928 + 62646 ~ 0679 Ans.

EXERCISES
1.  Anairconditioning plant is handling 30 m’ of air per minute at 32° C dry bulb temperature and 22°
C wet bulb temperature. If the final conditions of air are 22° C dry bulb temperature and 50% relative humidity,
find the heating capacity of the dehumidifier, [Ans. 7.3 kg/h]
2. A cinema hall of seating capacity 1500 persons has been provided with an air conditioned plant
with the following data :

Outdoor conditions =40° CDBT and 20° C WBT
Required conditions =20° C DBT and 60% RH
Amount of air supplied = 0.3 m¥/min/person
If the required condition is achieved first by adiabatic humidifying and then cooling, find the
" capacity of cooling coil and capacity of the humidifier. [Ans.37.6 TR ; 54.2 kgh)

3. Anoffics hall of 70 persons capacity is to be provided with summer air conditioning plant with the
following data :

Outside conditions =35° CDBT and 26° WBT
Inside conditions =20° CDBT and 45% RH
Volume of air supplied = 0.3 m¥/min/person
Find the sensible heat factor for the plant. [Ans. 0.35)

4. The amount of air supplied to an air conditioned hall is 300 m*/min. The atmospheric conditions
are 35° C DBT and 55% RH. The required conditions are 20° C DBT and 60% RH. Find out the sensible heat
and I~tent heat removed from the air per minute. Also find sensible heat factor for the system.

' [Ans. 5040 ki/min ;9517 kl/min ; 0.346)

5. Anauditorium of 300 scaling capacity is to be provided with air conditioning with the following

data:
Outdoor conditions =12°CDBT and 70% RH
Indoor conditions =20°C DBT and 50% RH
Amount of air supplied o =0.25 m¥/min/perspn
Find the heating capacity of the coil. [Ans. 136 kW]
6. A restaurant with a capacity of 100 persons is to be air-conditioned with the following conditions :
Outside conditions =30°CDBT, 70% RH
Desired inside conditions =23"CDBT, 55% RH
Quantity of air supplied = 0.5 m"min/person

The desired conditions are achieved by cooling, dehumidifying and then heating. Determine : 1.
Capacity of cooling coils in tonnes of refrigeration ; 2. Capacity of heating coil : and 3. Amount of water removed
by dehumidifier. [Ans.93 TR ; 8.7kW; 31.5 kgh]



834 A Text Book of Thermal Engineering

QUESTIONS
1. Define comfort. What are the factors which affect comfort air conditioning ?
2. How docs industrial air conditioning is different from comfort air conditioning ?
3. Draw a line diagram of air conditioning system required in winter season. Explain the
working of different components in the circuit.

4. Draw a block diagram of a simple year round air conditioning system and briefly explain
the process on a psychrometric chart.
5. Describe unitary and central air conditioning systems.

OBJECTIVE TYPE QUESTIONS
1. For summer air conditioning, the relative humidity should not be less than
() 40% (b) 60% (c) 15% (d) 90%
2. For winter air conditioning, the relative humidity should not be more than
(a) 40% (b) 60% . () 5% (d) 90%
3. The sensible heat factor for auditorium or cinema hall is generally kept as
(a) 0.6 (b)0.7 () 0.8 (d)09

4. The conditioned air supplied to the room must have the capacity to take up
(a) room sensible heat load only
(b) room latent heat load only
(c) both room sensible heat and latent heat loads

ANSWERS
1. (b) 2.(a) 3.(b) 4.(0)
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General Thermodynamic Relations

1. Introduction, 2. Helmholiz Function. 3. Gibbs Function. 4. Mathematical.
Fundamentals. 5. Maxwell's Equations. 6. Co-efficient of Volume Expansion. 7. Isothermal
Compressibility. 8. Adiabatic Compressibility. 9. Ratio of Co-efficient of Volume Expansion and
Teothermal Compressibility. 10. General Equations for Change in Internal Energy, 11.TdS Equations.’

- I2. Specific Heats. ‘13, Specific Hca;kqligtioni: 14. Joule Thomson Co-efficient. 15. Equations
" of State. 16. Compressibility Factor.

39.1. Introduction

We have already discussed, in the previous chapters, the six thermodynamic pmpeﬂicé. ie.
pressure ( p ), volume (v), temperature (T ), internal energy (U ), enthalpy (H) and entropy (S ).
There are other two important properties also which are known as Helmholtz function (A) and

* Gibbs function (G). In this chapter, we shall discuss some important thermodynamic relations
between different properties. It may be noted that only the three thermodynamic properties (i.e.
pressure, volume and temperature) are directly measurable while the other properties are evaluated
in terms of these measurable properties. Thus, it is very important to develop the thermodynamic
telations for the properties which cannot be measured directly in terms of the combination of
properties which can be measured directly or evaluated experimentally. These all combinations ~
are defined as the rate of change of one property with respect to another while the third property
is held constant. The thermodynamic relations have been derived with the help of first and second
Jaws of thermodynamics and the mathematical concepls of differentiation, particularly partial
differentiation. '
39.2. Helmholtz Function

Helmholiz function (A) is a property of a system and is given by substracting the product
of absolute temperature ( T) and entropy ( §)from the internal energy (U ). Mathematically,
Helmholtz function, A=U=TS$ ' D)

Since (-U — T §) is made up entirely of properties, therefore Helmholtz function (A) is also
a property.
For per unit mass, specific Helmholiz function,
a=u—-Ts
where 1t = Specific internal energy, and

s = Specific entropy.

835
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The general gas energy equation is
8Q=dU+8W or &W=58Q-dU « o (i)

The equation (ii) implies that the energy converted into work is provided partly by the heat
reservoir with which the system is in contact and which gives up a quantity of heat 5 and partly
by the system whose internal energy decreases by - dll.

Letus now, derive the relationship for the maximum work that can be done when a system
undergoes a process between (wo equilibrium states. Assume that the system exchanges heat only
with a single heat reservoir at a temperature T,

Let dS = Increase in cntropy of the system,
d5, = Increase in entropy of the surroundings (reservoir),
80 = Heat absorbed by the system from the reservoir, and
Ty = Temperature of the reservoir.

From the *principle of increase of entropy, it is known that the sum of the increase in
entropy of the system and that of the surroundings is equal to or greater than zero,

ds+ds, >0 o (i)

We know (hat
Ty

Substituting this value of dS, in equation (iii ), we get

ifSu - -~ (. Reservoir has given out heal, therefore 5 is ~ve)

ds - %0 =0
T :
or T,ds 280 ; w4 (DY
From equations (if) and (iv), we get
SW<T,ds-du - V)
On integrating the above equation from state 1 to state 2,
jﬁW £T de— de e <+ (" Ty isaconstant )
1 | 1
or W_,< T, (Sz—-Sl)—(Uz—Ul)
Wias(U-Uy)- Ty (5,-5y) o (vi)
When initial and final temperatures are equal and are the same as that of the heat reservoir,
then
=T,
where T= Temperature of the system,

Now, equation (vi ) can be wrilten as
(WT)I-Z‘;(UI_HZ)T‘T(&_S;.)T oo (i)

* Refer Chapter 4, An. 4.7,
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We know that , Helmholtz function, '
A=U-TS
For a small change, the Helmholtz function can be written as
dA=dU-d(TS) R (1))
On integrating the above equation from state 1 to state 2, keeping temperature (T') constant,-

we have

jl.d,‘\—-'!dU—ledS

(Ay=A)7=(Up=U) =TG- S)1

or (A~ AY 1 =(U = Up =TS =51 ()
From equations (vii) and (ix), we have
(W2 <A =A) 1 )

Thus, the work done in any process between two equilibrium states keeping the temperature
constant is equal to the decrease in Helmholtz function of the system but the energy converted into
work is provided partly by the system and the remaining heat is taken from the heat reservoir.

The work done is maximum when the process is reversible. If the process is irreversible,
the work done is less than the maximum. Therefore, for maximum work, equation (x) may be
-wrillen as :

(Wpmaz= (W)=~ At

Note: Helmholiz function (A) is useful when considering chemical reactions and is of fundamental
importance in statistical thermodynamics.

39.3. Gibbs Function

The Gibbs function (also known as thermodynamic potential) is also a properly of asystem
and is denoted by G. Mathematically, Gibbs function,

G=U-T§+pv
=H-TS§ ... H=U+pv)
Since (H —TS) is made up entirely of properties, therefore Gibbs function (G) is also a
property.
For per unil mass, specific Gibbs function,
g=h ~Ts
where  h = Specific enthalpy, and
s = Speaific entropy.

Consider a system that can do other forms of work, in addition to ( p dv) like electrical
work, magnetic work elc.
Let * W, = Some other form of work in addition to p dv.

5W=pdv+'5WD .

On integrating the above equation from state 1 10 state 2, keeping the pressure p (equal to
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the external pressure, p, ) constant, we have
Jow=pJau+ o,
[ 1 1

or Wi, =po(tr2-vl)+wo‘ (U p=pg) .. )
.We have already discussed that when a system exchanges heat with a reservoir whose
temperature is T, then work done,
Wi2 S(U; - Up) =Ty (S, - Sy ()
Substituting the value of W, _, from equation (i) in equation (i), we get
Po @y -+ WoS(U, - U,) - To(5;-5)
or Wo S (U} = Uy) =Ty (5, - 5) — pp (03— vy) + . (iii)
When the initial and final equilibrium states are at the same temperature and pressure, then
To=T and py=p
Thus, equation (ii) can be written as '
(Wo)p, 7S (Uy = Uy)y, 1 =T (S, = 5,0, 1+ (¥ ~1y),, 1 . (iv)
We know that, Gibbs function,
G=U-TS+pv
For a small change, the Gibbs function can be written as
dG=dU~d(TS)+d(pv)

On integrating from state 1 to state 2, keeping both pressure ( p) and temperature (T )
consiant, we have

‘ 2 2 2
Ida:de—TIds+dev «+« ("’ p and T are constant)
1 | 1 |
GZ'-Gl =(U2 —UIJ-T{SZ —S|)+P{I)2—I.ll}
or (G- Gpr=(U, - Uz)p.'r =T(S, =S)prtp (@ ‘Uz:'p,'r <ou(v)
From equations (iv) and (v), we have
(Wo)pr<(G) - Gpr <o (vi)

Thus, the difference between Gibbs function of a system between two equilibrium states
sels the maximum limit to the work that can be performed in addition to pdv work, provided thai
two equilibrium states are at the same pressure and te mperature and the system exchange heat with
a single heat reservoir.

The work done is maximum when the process is reversible, If the process is irreversible,

¢ Womay be electrical work as in case of voltaic cell which is €qual to —E dI or for a magnetic material,
it may be magnetic work which is equal to —mdH,
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the work done is less than the maximum. Therefore, for maximum work, equation (vi) can be

(1))
Note : The Gibbs function (G) is also useful when considering chemical reactions. It is also useful when
considering processes involving a change of phase.
39.4. Mathematical Fundamentals
The following mathematical fundamentals are important from the subject point of view :

wrilten as :

\. Exact differential. Suppose zis a function of two independent properties x and y, such that
z=f(x,y) wan()

According to the condition of exact differentials,

d d
bl

3 .
where (a-‘l = Partial derivative of z with respect to x, when y is held

constant, and

d
[f‘l = Partial derivative of z with respect to y, when x is held
conslanl.

Now, the above equation (i) can be written as
dz = Mdx+ Ndy R (7))

_[% (%
where M"[Bxl and N-[ayl

We know that,
M) [2(2 ( & »
GE LA e
) _[2 (%) ] (2
and [a;l' 3 [a}-] l‘[ayxa: “2:0

According to calculus, the magnitude of second mixed partial derivatives of a function are
independent of the order of differentiation and hence are equal,

am) _(N
oy | |or
2. Cyclic relation. We know that, when z is a function of two independent variables x and y, then
‘we can write .
2=f(xy) sl
It may be noted that from above equation, x can be similarly expressed explicitly in terms
of othér two variablcs i.e. yand z, such that .
x=f(y.7) )]
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According to the condition of exact differentials,

dx dx g
dx-(ayldy+[azldz v (i)
Similarly y can te expressed explicitly in terms of x and z, so that
y=fx2) (i)
According 1o the condition of exact differentials,
9 o
dy=|X .
y (Bxld”(azl dz v)

Now from equation (iii), we have

() . (o
ofE) )

Substituting the value of dy from equation (v ) in the above equation, we have

wft] o3[ <)«
3]« )3«

< Blelel-

The above relation is known as cyclic relation.
Note ;. For thermodynamic properties P, vand T, the cyclic relation is’

616

39.5. Maxwell’s Equatioris

Now let us derive the Maxwell’s equation.

We know that for a system undergoing an infinitesimal reversible process from one
equilibrium state to another :

1. Internal energy, dU = 60 - 8w ... ( General gas energy equation)
=TdS-pdv e (2 8Q=TdS and SW=pdv) ...()
*The above equation (i) is of the form '
' dz=Mdx+Ndy
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where M=T, N=-p, x=5 and y=0

T\ __(2%
) (98

2. Enthalpy, dH=dU+d(pv)
=dU+pdv+vdp
=(TdS—-pdv)+pdv+vdp
=Tds+vdp

The above equation (iii) is of the form
dz=M dx+Ndy
where M=T, N=v, x=5 and y=p

[#1-(5)
dp a5
3. Helmholtz function (A),
dA=dU-d(TS)
=dU-TdS-SdT
=(TdS-pdv)- TdS~SdT
=-pdv—-SdT
The above equation (v) is of the form
, dz=Mdx+Ndy
where M=-p,N=-58x=0,y=T

-

" [#1-¢)
oT dv
4. Gibbs function (G), dG=dH-d(TS5)
=dH-TdS-SaT
=(TdS+vdp)—TdS—-SdT
=vdp-S§dT
The above equation (vii) is of the form
N dz=Mdx+Ndy
where I M=v,N==8, x=p,y=T

) __(as
ar| ~ |op

841

i

. (:dU=TdS-pdv)
. (i)

)

(" dU=TdS-pdv)
(V)

oo (vi)

o ('.‘dﬁ-;?‘ds+vdp)
-« (vii)

. .. (viii)

The equations (if), (iv), (vi) and (viii) are known as Maxwell’s equations in thermodynamics.

39.6. ' Co-efficient of Volume Expansion

The co-efficient of volume expansion is defined as the change in volume with change in
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temperature per unit volume kecping the pressure constant. It is denoted by . Mathematically.
co-efficient of volume expansion, i

)

For specific volume, the coefficient of
volume cxpansion is wrillen as,

46

where v, = Specific volume in m/kg.

Constant p=C
Ere__seure
nes,

p= CJ."

Volume (v) —

——Temperature (T}—*

The volume-temperature (v~T ) diagram
Fig 39.1. Coellicient of volume expansion.

at copstant pressure is shown in Fig. 39.1. The
slope at any point A is given by (?l I this slope

is divided by the volume at that point, then we get co-efficient of volume expansion ().

39.7. Isothermal Compressibility
The isothermal compressibility of a substance is defined as the change in volume with the
change in pressure per unit volume, keeping the

lemperature constant, It is denoted by K. Conste:gtlme
. Mathematically, isothermal compressibility, T .Fﬂﬂ
1{ov) = dv
x=~—[—-] g Siope-—;-—[-—}
)
v|dp |, E _____ _ ap "
For specific volume, the isothermal ) T=(
compressibility is written as I T=C
T=
ke L[ A i
v (dp T ——Pressure (p)—»
Wwhere U5 = Specific volume in m’/kg. Fig 39.2. Isothermal compressibility.

The pressure-volume {( - v) diagram at constant temperature is shown in Fig, 39.2. The

slope at a point is given by — %J - If this slope is divided by the volume at that point, then'we
: T

get isothermal compressibility (K).
39.8. Adiabatic Compressibility

‘I'he adiabatic compressibility is defined as the change in volume with change in pressure
per unit volume when entropy is kept constant. It is denoted by K. Mathematically, adiabatic

compressibility,

=_1[ov
KS__D(GP

* The minus sign in the equation indicates that the slope is decreasing.



General Thexmodynamic Relations 843
For specific volume, the adiabatic compressibility is written as

.

where v, = Specific volume in ru’/kg.
Note : It may be noted that the ratio of specific heats (ie. cp/cy) is equal to the ratio of isothermal
compressibility and adiabatic compressibility. Mathematically, adiabatic index,
ye2a K (/o) @/dpk_ Op/d0)s
e Ks —(1/0)(du/dp)s (9p/d0)r
For specific volume, the adiabatic index is written as
y= (@/ al"J)!i
@p/3vsn
Since yis always greater than unity, therefore X is always greater than K,

39.9. Ratio of Co-efficient of Yolume Expansion and Isothermal Compressibility
We know that the co-efficient of volume expansion,

3=£[g—¥l or [%l:l.’w _—

and isothermal compressibility, .
[af’]r (3”1_ -Kv (i)

We also krnow by cyclic property of differentials,

HEE-

Substituting the value of {g;l ;nd[g%) from equations (i) and (i), we get

B

The ratio of co-¢fficient of volumie expansion and isothermal compressibility is defined as
the change in pressure with temperature when volume is kept constant. Thus

B_(%
K |aT
39.10. General Equations for Change in Internal Energy

We have already discussed that internal energy (U ) is a property of a system which cannot
be measured directly or experimentally. Hence thermodyriamic general aquat:zns are derived in
terms ‘of pressure ( p ), volume (v) and temperature (T ) and specific heats to measure change in
intermal energy (dU ).

Let us now derive the following equations for the change in internal energy.

54~
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I. When pressure (p) and volume (v) are independent. When p and v are taken as independent
variables, then change in internal energy,

U ou
dU—['a;ldp-}[gldﬂ vl

It may be noted that

Qe

We know that H=U+pv .. (i)

Taking the partial derivative of equation (iii) with respect to volume ) keepmg the
- pressure ( p) constant, we get

) e ]
o [%gl{%gl_p )

It may be noted that

B3 :
dv T||ov Bv

[%%l:%{hp )

Now substitut fng the values of [3—31 from equation (ii) and (%gl from equation (vi), in

equation (i), we get
q
e - fuises’ .y
dU=|mc,x 5 ]db«l{ Bo p]da
Note : The change is specific internal energy (dw) is given as
du = [c., * i—]ﬂ{p +[ B p]dv,

where vy = Specific volume of the gas in m"/kg

2. When volume (v) and temperature (T) are inde pendent. When v and T are taken as independent
variables, then change in internal energy,

o) (Y "
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By definition, we know that ,

7]
Ir| ="

au ) g
dU:[Eld‘ojmcudT o i)
From the first law of thermodynamics,
80 =dU+8W=dU + pdv .« . (ifi)
and from the second law of thermodynaniics,
ds:ﬁf' or 8Q=Tds .. div)
From equations (iii) and (iv),
TdS=dU + pdv .o dv)
We know that enthalpy,
H=U+pv

Differentiating the above equation, we get
dH=dU+d(pv)=dU+pdv+vdp=TdS+vdp

.. (2 TdS=dU+pdv)
or TdS = dH - vdp ... (i)
When T and p are taken as independent variables, then change in enthalpy,
_[oH oH) . oH .
d_H-—[ar dT-I-[ap]po—mtpdT-l‘[E]po .._(vu)_‘

]~

From equations (v) and (vi), _
dU+pdv=dH-vdp )
Substituting the values of dU and dH in above equation, we get

NEL oH
[30]po+."" c,dT+pdo=m c,cﬂ"+[;]7dp—vdp

- ol fE] o

When pressure is assumed to be constant, then dp=0.

m(c,—c,) {dr)p=[ p+[%ll ] (dv),

* mtrp-fvlf["*[%]T ][%l
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T S B

r
ol G s JON {1
Bo v o

[‘% ml—"} . .. (viid)

Suh_sliluling this value in equation (ii), we gel
¢

dy-=[i"-'%fv—”)-p]du+mcvdr

Note : The change in specific internal energy (du) is given as
du= [ (cﬁ*"" ]d‘o +opdT
where vy= Specific volume of the gas in m /I:g,

3. When temperature (T ) and pressure (p) are independent. When T'and p are takea as independent
variables, then change in internal energy,

. dU= [3” d+[3p]po | N0

By definition, we know that,

- _(_ﬂl [M] [3‘” n{J’- u{%’;

(. H=U+pv)

W) . (v B ‘
(3Tl+p(37' ... (", Pressure is constant)

[g-gl:;ucp—p[gu—rl;mcp-pﬂv [[g'pf.) ’Bﬂ] <+ (i)
r

Also, from the first law of thermedynamics,
30 =dU + §W=dU + pdv
If T and p are taken as independent variables, then we can say

STRORCR R
{8 }-{) )

au v
m Cp = [ifl [ar
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U ov

snaal AL

If volume is assumed to be constant, then

(8Q)y =mc, (@T),=mc,(dT), %er(g;"]r] (@),
1] v\ d
mamne %) (2 )
T T
But [%]T;'-KU and [g—%l:%

_ d
mey=mcy+

Thus [a—ul-:pl{v—m—x . .~ (i)
I B
From equations (if) and (ifi),
dl = (mp-pﬂv)ﬂ+[p Kn—ﬂ“'%”}x]dp
Note : For per unit inass, the change in specific internal energy (du) is given as
du=(cp- pPos) d1:+[ Koy~ EF"B“"—"’”] &
where v= Specific volume of the gas in m’/kg.

39.11. T dS Equations

The First Law of Thermodynamics as applied to a closed system undergoing a reversible
process is given by

80=dU+dW=dU+pdp won (0 W =pdv) 1
According to Second Law of Thermodynamics, we know that
dSz%? or 80=TdS e (i)

From equations (i) and (ii),
TdS=dU +pdv o .. (i)
The above equaion (iii) is sometimes called as general TdS equation. Let us derive the
following useful relationships for the TdS equation.
). When temperature (T ) and volume (v) are independent. When 7 ahd v are taken as independent
variables, then change in internal energy,

_[9u au : "
d”“(&rl”*[av]rd" (D)

TdS=dU+pdv

We know that
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Substituting the value of dU in the above equation, we get

TR
el
e

But, we know that for dS, taking T and » as independent variables, we can write

ds_[BT dT+[av]Tdv ... (iii)

Comparing equations (if) and (iir), we get-

(4]
@) E

Taking the partial derivative of equation (iv) with respect to volume (v), we gel

2
o's L sl ] | ()]

war T dv.dT

“Taking the partial dcrivali\rc of equation (v) with respect to temperature (T'), we get

. au ¥ LU :
aTE *[ l]*[ar arau} )

We have already derived that the magnitude of second mixed partial denvau ve of a function
are |ndependent of the order of differentiation and hence are equal.

s s
ava'r v
o 1|2 ol au -
. T avar BTBU

P

RGCITE

Also, we know that

m,=:r{§l N (g;l=m;u

[gg,] ] ..:(v.-é
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where m = Mass of the gas in kg.
From equation (iv), we know that

[rl-+(5)

o 13- ( & T] e

]
Substituting the values from equation (viii) and (ix) in equation (if), we get
mc, B

-—'F-dT+Kdv

Tp
or TdS=mcydT+Tdu cea ()
The above equation (x) is called the first TdS equation.
2. When temperature (T) and pressure (p) are independent. When T and p are taken as independent
variables, then change in internal energy,

au auU
dlU= (arl‘”*[ap] dp . .
“and change in volume,
- [dv dv
dv= (arldn[a] dp ()

But, we have discussed when T and v are taken as independent variables, then change in
internal energy (dU ) can be expressed as

-c) K
du=(mc,,"pBv)dn{va-m—{cﬂﬁi'.’)—Jdp . ... (iii)

We also know that

v 1(w ov) orp?
e RO s

ol 2 ]

Substituting this value of m (cp —¢y,) in cquation (iii) we get
dU=(mc,~pPv)dT+(pKv-vTB)dp e (v)

We also know that

dv du
5=| =Bv and [*—J =—Kv
[«'Hl .

Substituting these values in equation (ii), we get
dv=BvdT-Kuvdp (1]

We know that
TdS=dU+pdy
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Substituting the values of dU and do in the above equation, we gel
TdS=(m cp—j:"ﬂv) dT+(pKv-vTP)dp+p(BvdT-Kuvdp)
=mcpd7'—tlfﬂ4o <o (vif)
The above equation (vii) is called the second TdS equation.

3. When pressure (p) and vo lume (v) are independent. When p and v are taken as independent
variables, then change in internal energy,

au U
dU:[a—Pldp-!{avldv (7]

But we have already discussed that when pand v are taken as independent variables, then
change in internal energy,
Kme (me, )
dU:__._':'dp+ _..-.E_P dv P (11]

B o

~

We know that

TdS=dU + pdv
Kmc (mc )
= P udp+ -E—f—-p dv + pdv ... [ From equation (if)]
\ /
Kme. mec,
=“'—udp+-ﬁ—:du .. (i)

p
The above equation (iif) is called the third TdS equation.
39,12. Specific Heat
We know that, there are two specific heats of a gas, i.e. specific heat at a constant volume
(c,) and specific heat at a constant pressure {cp). These two specific heats can be measured

experimentally. Joly's differential steam calorimeter is used to determine specific heat of a gas at
constant volume and Regnault's method s used to determine specific heat of a gas at constant
pressure experimentally®. Now let us discuss the two specific heats as follows:

1. Specific hear ar constant volume (¢,). The specific heat at constant volume is given by

3
c,= 5’;—, (i)

@G ) e

2. Specific heat at constant pressure (cp). The specific heal at constant pressure is given by

cp=[%l el
EE )

The detailed study of these experiments are beyond the scope of this book.
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39.13. Specific Heat Relations
We have already derived the results of first and second 7dS equations in Art.39.11.

The first TdS equation is given by
K
- /% B_[% '
—mcudT+T[aT dv 4 k=T caitl)
v

and the second TdS equation is gi\fcn by
TdS=m cpd T-vTPdp
] ] D

i [g;ldp ...[-.-nv =[%

Equating the equat ions (i) and (ii), we get

dr+T[—£l/dU mccﬂ' T(g’;_ldp

TdS:mc,df+1ndu

or m(q, —c,)dT= T[ ldv+T(—g%ldp
B,
dT—m[c t} m(c i I (1))
Taking p and v as independent variables, the change in temperature (d7') can be expressed as
ﬂ-(arldu+[ap dp. | R (11)]
Comparing equations (iv) and (iif), we get
(Qe
or
o7 op\ (v
[El. ___m{cp—cu) or m(c ) =T [BT]I [a,rl . L)
ar)
oy __\ F B AN ) ;
i [Bpl“m{cﬁ-c") o micy-e) =T [BT]P [arl vi)

Thus from both equatidns (v) and (vi), it may be concluded that

m {f-’.,. =€y T(%l (%g:l g L. (vid)

We know that by cyclic property of differentials,

FlE )
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. a8

Substituting this value of [5%] in equation (vif), we get

o) 1 )

2
; cenT(g22) =l _TBv TP,
: 2 e e

L)oo

where U= ;E:— = Specific volume of gas in m"'/kg.

39.14. Joule Thomson Co-efficient

The chénge in temperature with drop in pressure al constant enthalpy is termed as
Joule-Thomson coefficient (n). Mathematically,

N _
(2]

1t varies with both the temperature and pressure of the gas.

The magnitude of the Joule-Thomson coefficient is a measure of the imperfection of a gas
or its deviation from perfect gas behaviour. For real gases, W may be either positive or negative
depending upon the thermodynamic state of the gas.When W is zcro, the temperature of the gas
remains constant with throttling. The temperature at which =0, is called the inversion
temperature for a given pressure. If i is greater than zero, the temperature of the gas decreases
with throttling and when p is less than zero, the temperature of the gas increases with throttling.
Thus, in cooling of a gas by throttling, we require that the gas shows a large positive value of .

The Joule-Thomson coefficiént is not a constant but is a function of both pressure and
temperature. We shall now derive the functional relationship for the coefficient.

We know that enthalpy,

H=U+pv coa (i)
Differentiating equation (i), we get
dH=dU+d(pv)=dU+pdv+vdp - (i),
We also know that
TdS=dU+pdv or dU=TdS-pdv oo (W)

Substituting the value of dU/ in equation (iii), we get
' dH=Td$—pdu+pdv+vdp=Td5+vdp
When T and p are taken as independent variables, then we can write

* For dezails, refer Chapter 3, Ant. 3.21.
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arr[[8) (i) o]oes
S]] ] o

We know that

o8 .
T[é,‘—rl=mrp e (wi)
where m= Massof the gasinkg.
Also, from Maxwell relations,
[ﬁ] == (Q (vif)
dp - \a:r ) i
Substituting the value from equations (vi) and (vii) in equation (v), we gel
dn=mpdr{-[u—r[%] ]dp ' )
A .

Solving the above equation (viii) for dT, we have

dT= = dp
m B‘P m _5,,
_— v,

or| ™"
dh - :
=—4—dp . ... (ix)
C n Cp .
where dh= dH/m =Change in specific enthalpy in kl/kg,
a"s d

I BT i = Change in specific volume with temperature, and

=y/m= Specific volume of gas in m’/kg.
When specific enthalpy (h) and pressure ( p) are taken as independent vmables. then for

dT we can write _
or ar o
(2 o[ 2) 4 i

Comparing equations (ix) and ( x ), we get

E
IR
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We know that

[gg l = Joule-Thomson coefficient,

For an ideal gas,
pus=RT or —=
Substituting this value of (v,/T }in the above equation,
2
p= :_p [% [;R]L =0 <o« " R and p arc constanis)

Thus, the Joule Thomson coefficient for an ideal £as is zero and the ideal gas passing through the
Pporous gas does not show any change in temperalure.
39.15. Equations of State

Practically there is no real gas which obeys the gas laws perfectly. The deviation is small
at ordinary temperatures and pressures, but it is large at high pressure and low temperatures. In
deriving the perfect gas laws on the basis of kinetic theory of gases, the following assumptions
were made which do not hold true for real gases :

I. The molecules of gas are mere mass-poinls occupying no space; and

2. There is no attraction or repulsion between the molecules.

In actual practice, the molecules of all actual or real gases do occupy some space and do
attract each other. Hence no real gas equation conforms to the perfect gas equation PU=RT.

Some of the equations used (o correct the perfect gas equation are defined below.,

(a) Vander Waal’s equation*. The Dutch physicist J.D. Van der Waal was the first scientist
10 comrect the perfect gas equation pu=RT. Van der Waal proposed an equation of state, to

account for non ideal gas behaviour. Thus the equation given by Van der Waal has the form
[;u%] (v,-b)=RT
v-l

where a is a constant of proportionality which takes into account the molecular force-ficld
interactions and & is a constant of proportionality which takes account of the volume occupied by
all-molecules per kg of gas.

(b) Clausius equation. The Clausius equation is a modification of Van der Waal's
equation. It neglects molecular force-field interactions, a. Thus, the equation has the form

plv,—b)=RT

. ..' " details, refer Cﬁiplcr 5,An. 511,
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where . b = Volume occupied by all molecules.

(c) Beattie Bridgeman equation . Beattie Bridgeman in 1928 proposed an equation of state
which gives accurate results. Thus, the equation has the form

RT(I £) RT(-9), ,p)_

penfi-2)
4

and Ay, a, By, b and ¢ are constants whose values are different for different gases.

where A=Ao[l-v£].

Beattie Bridgeman equation of state gives properties accurately (within 2 percent) in
regions where the density is less than 0.8 times the critical density.

(d) Bertholet equation. Bertholet equation is similar to the Van der Waals equation
except for the inclusion of the temperature in the denominator of second term. Thus, the equation

has the form
a
p-—>| (@, -b)=RT
[ va] .

where a and b are constants, as in Van-der Waals equation.

Bertholet equation gives accurate properties within | percent.

(¢) Dieterici equation, Dieterici equation of state gives properties very near to exact values
of the properties in the neighbourhood of the critical point and on the critical isotherm (constant
temperature). This equation does not give satisfactory results in other region and may produce large
errors if applied away from critical region. Thus, the equation has the form

__RT —wRTy,
=

where a and b are constants.

(f) Redlich-Kwong equation. The equation given by Redlich-Kwong has the form

a
[P-UTU, (v,+b}] (Bg-hamRY
where a and b are cnqshnts.

( g) Benedict-Webb-Rubin equation. Benedict-Webb-Rubin equation of state is used for '
high density regions upto approximately two times the critical density. Thus, the equation involves
eight experimentally determined constants and has the form

BT Sykl=Agr C/T’ bRT-a LA, C (1++] .

-
Uy i'.?z U3 _-G. v T

¥ 5 £

where Ay, By, Cp.a, b, ¢, @ and y are constants.
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(h) Viral equation. The viral equation of state was first introduced by the Dutch physicist
Kammerlingh Onnes, and is only applicable to gases of low and medium densities. Basically, the
viral equation of state represents an expansion of the p v, product in infinite series form. It is given

as
B €D
v,=RT|1+—+=+=5+..... (D
a3 S

It is sometimes convenient to express the viral equation of state with pressure as the
independent variable, i.e.

pu,=RT| 1+B p+Cp +Dp+..... J .. (i)

In the above equations, B, B’, C, C', D, IV etc. are called viral coefficients. B and B’ are
called second viral coefficients, C and C are called third viral coefficients, D and D’ are called
sourth viral coefficients and so on. Also, there exists a relation between the viral coefficients in
equation (i) to the corresponding viral coefficients in equation (if), such that

B -4 D-3BC+28°
F=—, €= 7 U= 3
. RT (RT) (RT)
39.16. Compressibility Factor
We have discussed that the viral equation of state is given by

, and so on.

] t.'f U_?
v,
or PR PeaBe S8y
RT v, vf v

The ratio of p v, /R T is called the compressibility factor. It isdcmEd by Z. For the ideal gas ,
Z =1 and for real gases, Z is determined from experimental data. The magnitude of Z for a certain
gas at particular pressure and temperature is a measure of deviation of the real gas from the ideal
gas behaviour.

QUESTIONS
1. Define the following :
(a) Co-efficient of volume expansion ; (b) Isothermal compressibility; and
(c) Adiabatic compressibility.

2. Derive the Maxwell's thermodynamic relations and explain their importance in
thermodynamics.

3. Show from the consideration of Maxwell’s thermodynamic relations that
(a) For a perfect gas, €p=Cp= R
(&) For a gas obeying Van der Waal's equation,
= 2  p—
1 -2a (v, - b)*/RT ]
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4. Show that for specific helmholtz function, a=u-T,

) _ aafmY __
(ﬂ) {av‘l_—p (b) {aT]’ =35
2
(c)u=a—T[—%l (d) fp=—T['%l

5, Show that for specific Gibbs function, g=h - Ts

@ [—3§l=—s (®) [—gﬁlh “

_g-7[2) (2 7|22
(Qu=¢g T[arl P[*’P]r (d) c= T[&T’l

6. Show that the equation of state of a substance may be written in the form

%:-xdpwﬂ

7. A substance has the volume expansivity () and isothermal compressibility (K) as

1 1
B=7 and K=o

Show that the equation of state is p v, /T = constant
8. Using the cyclic relation, prove that '

ot

KT

9. Derive the following thermodynamic relations

dh s oT oh
Ll )l

TGS

10. Show that for a Van der Waal's gas

-

OBJECTIVE TYPE QUESTIONS
1. Helmholtz function (A) is given as
(@) A=U-TS (b) A=U+TS

(c) A=TS-U (d) A=U-T/S

853
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2. Gibbs function (G) is given as
(@) G=H+TS (b) G=H-TS
(€©) G=TS-n (d) G=H+T/S’
3. Difference in specific heat at constant pressure (‘p ) and specific heat at constant
volume (c,) i.e. (c,— cy) is

8 y TBK
@ Kus ® Us
To, TR
© G @~
4. TdS equation taking temperature (T ) and volume (v ) as independent variables is
(@) meodT+ T%do () mcydT+TBK do
(c) mq.ch+T%dv (d) mcydT+Tpdv
5. Van der Waal's equation of state is
(@) ps=RT &) pus= I+B+C;
Us
R T a RT K
C = — Py ==
ANSWERS

1. (a) 2. (b) 3. () 4. (0 5. ()
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Variable Specific Heat

1. Introduction. 2. Molar Specific Heais of a Gas. 3. Variation of Specific Heal with Temperature.
4, Atmospheric Air. 5. Heat Transfer during a Process with Variable Specific Heat. 6. Heat Transfer
during Polyiropic Expansion or Compression Process. 7. Change in Thermodynamic Properties with
Variable Specific Heat. 8. Isentropic ‘Expansion with Variable Specific Heals. 9. Effect of Variable
Specific Heat in I.C. Engines. 10. Effect of Variable Specific Heat on Oito Cycle. 11. Effect of Variable
Specific ieat on Diesel Cycle. =

40.1. Introduction

We have already discussed in Chapter | (Art. 1.40), that specific heat of a substance may
be broadly defined as the amount of heat required to raise the temperature of a unit mass of any
substance through one degree. It is generally denoted by c. In S:L system of units, the unit of
specific heat (c) is taken as ki/kg K.

Since the solids and liquids does not have appreciable change in their volume on heating
therefore they have only one specific heat. But the gases have the following two *specific heats
depending upon the process adopted for heating the gas.

1. Specific heat at constant pressure (c,), and
2. Specific heat at constant volume (cp).

In general, specific heat is not constant. The sécciﬁc heat of any gas increases significantly
with rise in temperature, but it does not increase significantly with pressure, except at high
pressure. Thus, for simple calculations, the change in specific heat with pressure is neglected.

40.2. Molar Specific Heats of a Gas

The molar or volumetric specific heat of a gas may be defined as the amount of heat
required to raise the temperature of unit mole of gas through one degree. It is generally denoted
by ¢, In S.1. system of units, the unit of molar specific heat (c,,) is ki/kg-mol K. Mathematically,

molar specific heat (c,,) is given as
_ Cu=Mxc
where M= Molar mass of the gas, and
¢= Specific heat of the gas.
. For further details, refer Chapter 2 (Art. 2.11).
859
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In the similar way, tie molar specific heat at constant volume
cp=Mc,
and molar specific heat at constant pressure,
Conp = M [
40.3. Variation of Specific Heat with Temperature
We have already discussed that the specific heat of any gas increases with increase in
temperature. The specific heat increases because of increase in energy of vivranon of molecules
at high temperature, The vibrations are caused because of collisions among molecules which are

significant at higher temperature. Therefore, the encrgy of vibration of a polyatomic gas will
undergo a considerable change at ordinary temperature, thus increasing the value of specific heat,

It is assumed for gases that in a temperature range of 300 K to 1500 K, the specific heat is
a linear function of temperature and may be expressed as

p=a+XT , and
c,=b+KT

C

where a, b and K are constants.
We know that characteristic gas constant,
W:ﬁﬂ%
=@+KT)-(b+KT)=a-b
60.0
56.54

Cco,
53.0+

495+
46.01
425+ 0,
39.0F
355+
32,04

28.01

25.0 L 1 1 N | 1
0 500 1000 1500 20002500 3000

Temperalure (K) —
Fig. 40.1. Yariation of molar specific heat at constant pressure with temperature.

Cp (kdkgmol )

co N

Above 1500 K, the specific heats increases very rapidly and is given by the following
expressions :

c,=a+K\T+K,T?% and
cy=b+K\T+K,T?

. For delails, refer Chapter 2 (Ant. 2.17),
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In the above equations, if the term involving T2 s neglected, then

861

the expression for [ and

¢, becomes same as for the temperature range of 300 K to 1500 K. Fig. 40.1 shows the variation
of molar specific heat (c,,;) for CO,, 0, CO and N, with temperalture.

Table 40.1. Variable molar specific heat at low pressure.

The following lable shows the expressions for variable molar specific heat at low pressure.

§.Noe. Name .-Jfghas Molecular| Temp. cp (kI/kg-mol K)
mass (M) | range (K)
1. | Air 29 |280-1500 |26,63+7473.44% 107 T~ 11597 10" T
2. | Carbon dioxide (CO2) 44 |280-3500 | 7,83 15156227 ' + 18171 x 10" 7
3. | Oxygen (02) 12 |280.2800 | 48215359177 34351691 77!
4. | Nirogen (No) 28 |280-5000 |39,65-8080.527 ' +1494.69T
5. | Ammonia (NH;) 17 |280-1000 |25924+330.76x 1074 T-305.64x10°* T
6. | Carbon monoxide (CO) | 28 | 280-2800 | 39617640917 +138.16x 10T
7. | Hydrogen (H2) 2 3002200 |3412+43.54x 10 T+62387%°
8. | Sulphur dioxide (SO, | 64 | 300-1900 |49.78+46.05x 107 T+ 110.11x107*77?
, 9 [Methane (CHy) 16 |280-1500 |14.15+753.62% 10" * T~ 1808.20x 107" T*
1. | Wtar vy 18 |280-3000 {383 15-1863.137 "%~ 173757~
404. Atmospheric Air

+10
T +8 |
+5 |-
+4.__
+2 -

normal air

% age Variation from
normal air
o

~-10

0.02

0.04 0.06

Moisture (kg/kg of air) ———»

Fig. -10.2. Effect of moisture on properties of air.

0.08

The atmospheric air is a mixture of a number of gases such as nitrogen, oxygen,
carbon-dioxide, hydrogen, argon, neon, helium etc. But the nitrogen and oxygen have the major
portion of the combination. The atmospheric air consists of 23.19% oxygen and 75.47% nitrogen
by mass. -
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However, the atmospheric air also contains water vapours known as moisture. The amount
of water vapour, present in the air, depends upon the absolute pressure and temperature of the
mixture. Fig. 40.2 shows the effect of moisture on the properties of air, like characteristic gas
constant (R ), specific heat at constant volume (c,), specific heat at constant pressure (rp ), and
ratio of specific heats (¥).

40.5. Heat Transfer during a Process with Variable Specific Heat

We know that for a small change in the state of a working substance, the general gas energy
¢equalion is

80 =dU + W
or 80 =mc, dT + pdv U]
where dT= Change in temperature, and

dv = Change in volume.

Dividing both sides of equation (i) by dv,

50 dr o

E:mcvx5+p (i)
We know that according to general gas equation,

pv=mRT .

or o T= ﬁ i)

Differentiating equation (fii),

N
dT=— [pdv+vdp]

Dividing both sides of the above equation by dv,

ar__1 ( , vdp :
@—M(p-i-du] (i)

Substituting the value of g in equation (if),

80 ¢
" B [N%‘jf]w -
C

We know that

R=cp—cn=(a+KT)-{b+KT}=a—b

Substituting this value of ¢, and R in equation (v),

8Q pikT vd
" a-b [*-4.}_:3]”,

P
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— bvdp KTvdp . _}
_a—b[bp+ LSl LR R
__b (vdp KTp KTvdp ap
a-b|d b b dv b
| UQE+KTE+KTUQ+E£
0 & " b b dv b
2.
b
__\ (ap vdp), KT (, vdp
e b*dn]*a-b[‘“du
b
. -KT
g
e b ’.:,—'xr v
50 _ _5'2 vdp
dv_'y‘-l TP Yo b ™ s V)
Note: For constant specific heats, K = 0. Thus the above equation (vi) bcoumes
80__ 1 (., vd
-1 |"""

40.6. Heat Transfer during Polytropic Expansion or Compression Process
We know that for a polytropic process,

pv" = Constant
Differentiating the above equation with respect to v,

npv""+u"xg£=0 ...['_‘%(unv)zux-g—é-ux%z]
g"1—-»1;::.'
..
vX o=-np

We have already derived that
8__1 | vdp), vdp
w =117 |"a- L

Substituting the value of v X % in the above equation, we get

;g-;—-[” .,p]+-ff—z,[p o)

4 We know that
cf,:ai-KT or uscp—KT
c,=b+KT or b=c,-KT
-KT
E <, -x:r
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u G I e
-1 e | < (vid)
Note : Since for constant specific heats, K =0, therefore the above equaticn (vif) becomes

L .

dv y'-1
40.7. Change in Thermodynamic Properties with Variable Specific Heat

=

We¢ have already discussed that when a gas is heated, its specific heat increases. Since the
thermodynamic properties like internal energy, enthalpy and entropy depends upon specific heat
also, thus there is a considerable change in these properties with change in temperature. Consider
m kg of gas being heated from the initial state 1 to the final state 2.

Let m = Mass of the gas,
Py nndl T} =Pressure, volume and temperature respectively at the initial state 1,
P2V, and T, =Pressure, volume and temperature respectively at the final state 2,
¢, =Specific heat at constant pressure = a+ K T, and
¢, =Specific heat at constant volume =h+ K T

Now, let us derive the following relations for the change in thermodynamic properties with
variable specifc heat.
1. Change ininternal energy

We know that change in internal encrgy of gas,

dU=me, dT <. (Joule's law)
=m(b+KT)dT vos (heymb 4+ KT)
=mbdT+mKTdrT
On integrating from state | to state 2,
de=mb}d‘T+m Kj TdT
1 1 1
az-r
or Uy—Up=mb(Ty~T)) +mK x
[ (T3+7))
=m(T,~T)) 1o+ KX =m (5= T)) b +K T,y
=M Gy (T~ Ty)
Th+T,
where T, =Mean temperature = , and

Cym =Mean specific heat at constant volume = b + K T,

Note : For per unit mass of gas, the expression for change in intemal energy may be written as
U= Ut} =Cy (T3~ T})

where #y — u) = Change in specific internal energy in kifkg.
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2. Change in enthalpy
We know that change in enthalpy of gas,

dH=mc,dT=m(a+KT)dT (I p=atKT)
=madl+mKTdT
On integrating from state 1 to state 2,
}dH:made+mK]TdT
1 1 1
(77 -1)
or HZ“HI';mﬂ(Tz—Ts)‘I‘MKX__”z—‘
(T,+7))
=m('r2-r,)[a+xx ’2 ‘]
=m(T,~T)) (a+KT,)
=M Cppy (T,-T)
T:+T|
where T,,= Mean temperature == , and

Com™= Mean specific heat at constant pressure =a + K T,

Note : For per unit mass of gas, the expression for change in enthalpy can be written as
hy=hi=cpn (=T
where h, —h;= Change in specific enthalpy in kl/kg.
3. Change in entropy
We know that change in entropy of the gas,

50
ds._ T o d(B)

where 80 = Heat transferred in kI, and
T= Absolute temperature in K.

Now the relation for the change of entropy for variable specific heat can be expressed in
the following three ways :

(@) In terms of valume and absoute temperature

We know that fgr a small change in the state of a working substance, the general gas energy
equation is '

80 =dU+8W ... ( First Law of Thermodynamics)
=mc,dT+pdv ... (i)
where " dT= Change in emperature, and

dv= Change in volume,
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Dividing throughout equation (ii) by 7,

- T T7
Sincepv=mRT or £=-M—R and g=4:i.§'.lhau'¢=fo.re
L P T
dr
dS:mc" b Rdv i)
T v
dar dv
=m(b+KT) T-l-m(a—b} >
(" ep=b+KT and R'=a-b)
dr dT dv
=mbx T+mKT‘.~: T-rm(a—b) =
=mbx%+mk’xﬂ+m(&—b}% R (1%]

On integrating equation (iv) from state 1 to state 2,

Tds:»:b]%_-r+m!.’]d‘7'+m[a b)j""
I {5 I 1
T
or 8- Sl~mblog., +mK{T2 T)+m(a— b}lug, (0]

T v.
=23mb log (T J-&m!{ (T,-T))+23m(a-b)log [0—2)
1
Note : For per unit mass, the above expression may be writlen as
T Va
s-5=23blog | = +K[T3 T))+23(a-b)log =
(]
where $2 =5, = Change in sPccific entropy in kJ/kg K, and

v,y and v,,= Specific volume at states | and 2 in m'/kg of gas.
(b) In terms of pressure and absolute temperature
We know from the general gas cquation,
Y Py v op T
o n - U_I_szﬁ

or log, 2 =lo ﬂ‘+|0 —T:Z-
v) e lp) T

v
Substituting the value of log, [v—z in equation (v),

1
2

—:: +mK(T,~T)+m(a~b) -Iog i + log, I!
tT, ‘\P2 T

SZ-SJ =mb IDgr

For details, refer Art. 40.5,
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—-mlog,[ ][b+a b]+mK(Tz T)+m(a~ b)log,[ ]

T, P
:mg]og‘[?l]+m K(T,-Ty)+m(a-b) Iog,[;l]

T,
=23malog|32 |+ mK (T~ T)) + 23 m (a—b) log| >
T) P2
Note : For per unit mass, the above expression may be written as :
[} )
5H-5=2 3alog[r ]+ K(Ty-Ty)+2.3(a-b)log [—-p;]

where 53— 5= Change in specific entropy in kJ/kg K.
(c) Interms of pressure and volume
We know from the general gas equation,

PiU1_Pa¥ h Y

or =
n n T pu

T.
ar log, [}f]= log, [E} log, [:—?-]

T.
Substituting the value of log, }3] in equation (v),
1

) _
5-5= ’"-‘5[’0&[ ]""08{”2]]“'"'K(Tz‘m'*m(a—b)lusz[‘?;]

"mbiug‘[ ]+m!og‘[1’2][b+a—b)+mx(?'2-—Tl)
Y

umblog' . +malug¢ +mK(Tz )
1

P Y2
=23mblog|—= [+23malog|—=|+mK(T,—-T))
Py U
Note : For per unit mass, the above expression may be written as
53-8, =2, 3Hog[ﬁ’J+z la Iug[ ]+K(T1 ~T5)
1
where 57— 5, = Change in specific entropy in kl/kg K, and
v, and b= Change in specific volume at states 1 and 2 in m!/kg of gas.

Example40.1. 2 kg ofacertain gas is heated from 400 K 10 1000 K. Calculate the change
in internal energy and enthalpy.

Take ¢, =0.946+0.184x 107 T ki/kg K, and ¢, = 0.653+0.184x 107% 1 ki/kg K

Solution. Given : m=2kg; T\=400 K ; T,=1000K; a=0946 klkg K

b=0653ki/kg K; K=0.184x 107" kl/kg K?
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We know that mean temperature,

. Mean specific heat at constant volume,
Com=b+ K T, =0.653+0.184x 1077 700=0.782 ki/kg K
and mean specific heat at constant pressure,
Cpm=a+ K T, =0.946+0.184x 107> x 700 = 1.075 kI/kg K
Change in internal energy
We know that change in internal encrgy,
du= Uz— Ul =MCyn (Tz e TI)
- =2x0.782(1000-400)=938.4 kI Ans.
Change in enthalpy
‘We know that change in enthalpy,
dH=HZ—H' =m fpm (TZ"TI)
=2x 1.075(1000-400)=1290 kJ Ans.

Example 40.2.- A ceriain quantity of gas having a volume of 5 m® at | bar and 27°C is
heated at constant pressure to 55°C. Determine : I. mass of the gas, 2. heat transfer during the
process, and 3. change of entropy.

Ta.kec’,=0.-946+0.184x10'37' ki/kg K, and c,=0.653+0.184x 10> T ki/kgK

Solution. Given : v, =5m’; p,=1bar= 100 kN/m” ; T, =27°C=27+273=300 K;
T,=55°C=55+273=328K ; a=0946 ki/kgK; b=0653 ki/kgK ; K=0.184x10""
ki/kg K*

In Fig. 40.3, 1-2 represents the constant
pressure process.

1. Mass of the gas I
2
Let m = Mass of the gas. o P =Py ----- ‘1,_.__,._:
First.of all, let us find the characleristic a : y
 gas constant ( R ). We know that g 5 -
]
By o mopes o i 1
R =L, —Cp=a b=0946-0.653 l ! '
=0.293 kI/kg K i H
¥, Vg
We know that Voliirie "
pyv=mRT, Fig. 403
Yy 100x5
M=——=—— = § 69 ko Ans.

“RT, T0293x300
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2. Hear transfer during the proces:

First of all, let us find the valuc of mean temperature (7,,). We know that

. Mean specific heat at constant pressure,
Com=0+ KT, =0946+0.184x 10" x314=1 ki/kgK

We know that heat transfer during the process,
Qi a=m Cprit (T,=-T))
=5.69%1(328~300)= 159.32 kJ Ans.

3. Change in entropy
We know that change in entropy,

[
T, Pi
§-85,=23malog FI +mK(T,-T))+23m(a-b)log ;2
328 _3
=23%5.69%0.946log 300 +5.69x0.184 % 10”7 (328 ~ 300)
=0.48+0.029= 0.509 kJ/K Ans.

40.8. Isentropic Expansion with Variable Specific Heat

Isentropic expansion is a reversible adiabatic process, in which no heat enters or leaves the
gas. Thus

80=0

We know that change in entropy,

=52
ds ==

Since 80 = 0, therefore dS=0,
The expression for isentropic expansion with variable specific heat may be expressed in
the following ways :

(a) Interms of volume and absolute temperature

We know that for a small change in the state of a working substance, the general gas energy
equation is,

80 =dU + &W ... (First Law of ﬁérmo&ynamic: I}
=mc,dT+pdv ) sl
where dT'= Small change in temperature, and

dv= Small change in volume.

Since py = py, therefore log {?]= 0
2
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Dividing throughout equation (i) by T
& =m CyX ;‘f + E—,li.‘z

T T
Since pv=mRT or -;=MTR and 8—;.?=ds=0. therefore
mr,x%r+mkx%v-=0
or m{b+KT)i?—r+m(n—b}%= .« ¢,=b+KT and R=a-b)
mbxd?r+mxﬂ+m(a—b}%=0 .. i)

On integrating equation (ii),
dT dv
mb[ 4 mk Jarsm@-b[=[0
mb log, T+ mKT +m (a—b) log, v= Constant
Dividing throughout by mb, we gel
log, rally [9 = lJ!o& v= Constant

b b
0 1)
or log, T+1log, e by log, v = Constant
KT [—‘— |]
b b .
or Te v = Constant (111
T T &
2 s b yb= Constant Lo (i)
The more useful form of above equation is
KT, . 5. a £y
h & 3y H 5 5 8§ 55 3
L .t vlb =2, vzb=-—3 et v_,? =.... = Constant
L2 Uy Uy

where suffixes ; 5 and 5 . . . refer to different sets of condition.
Note ; For per unit mass, the above expression may be wrilten as

KT, a KL a KT, -
B % .+ 8 F 3.0 F . &
P u, ==— ¢ Uy == ¢ Uy =.. =Constanl
Usi Un Uy
where vy, Uy and v,y = Specific volumes at states 1, 2 and 3 respectively in m‘,'/kg of gas.

(b) In terms of pressure and volume

We know that the general gas equation is

Substituti'sg this value of 7/v in equation (iv), we gel
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p KT a
b b
e v~ = Const
w (a-»b} stant
KT a
or pe b u% = Constant ... [ m (a—b) is constant for a particular gas]

The more useful form of above equation is

KT, a £h e KTy a
p e 5 ulb=pze"’ vzb=p3e" v]bz... = Constant
where suffixes ., 5 and 4 refer to different sets of condition.
Note : For per unit mass, the above expression may be written as
AT, 4 2 kN 4
e’ vl=pre® vl =pe’ vy’ = .. = Constam
where Uy, sz and vy = Specific volumes at states 1, 2 and 3 respeetively in m"a"kgofgas,

Exa_mple 40.3, A mass of 1.5 kg and volume of 0.14 m of certain gas at 40 bar is
expanded isentropically such that temperature falls to 500 K. Determine : 1. Initial temperature
of the gas, 2. Work done during the process, and 3. Pressure at the end of expansion.

Take c,=0.946+0.000184 T ki/kg K, and c,=0.653+0.000 184 T ki/kg K.

Solution. Given : m=15 kg ; v;=0.14 m py=40 bar =4x 10° N/m? =4 x 10°
KN/m? | T,=500K ; a=0.946 ki/kgK ; b=0.653 ki/kg K ; K =0.000 184 ki/kg K*
In Fig. 40.4, the process 1-2 represents the
isentropic expansion of the gas.
1. Initial temperature of the gas
Let T = Initial temperature of the gas.
First of all, let us find the characteristic
gas constant ( R ). We know that
R=c,-¢,
=a-b=0.946-0.653
=0.293 ki/kg K
We know that

prvy=mRT,

PV 4x10°x0.14

2. Work done by the gas
Let W_;=Work done by the gas.

We know that :
80 =dU + 8W .« . ( First Law of Thermodynamics)
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In case of isentropic expansion, no heat enters or leaves the gas.
; 830=0 or dW=-dU
On integrating from state | to state 2,
Wia=-(lh-U)
Now, let us find the change in internal energy (U; - U)).
We know that mean temperature
_Ni+Ty_ 1274.2+500
i 2 2
and mean specific heal at constant volume,
Com=b+ K Tpy=0.653+0.000 184 x 887.1 =0.816 k] kg K

=887.1 K

We know that change in internal energy,
dU=Uy—Uy=mc,, (T;—T)
=1.5%0.816x (500~ 1274.2)=-947.6kJ}
. Work done by the gas,
Wi==(Uy~U))=947.6 kI Ans.
3. Pressure at tl v end of expansion
Let pa= Pressure at the end of expansion.
First of all, let us find out the volume at the end of expansion.
We know that for isentropic process,

i) (5—|] i [Lu)
le" vlb =Tlcb uzb

0.000184x 1274.2 0.946 i
12742xe 9653 x.140653
0.000184 x 500 0.946 9
653

=500x e 0.653 ,wzu

1277.2X 1.43% 0.41= 500 % 1.15x v **

=
(12742%1.43%041945 3
> ”1'( 500% 1.5 ]D =M

We know that pav=mRT,

_mRT, 15x%0293x500
k" 0.99

40.9. Effect of Variable Specific Heat in L.C. Engines

We have already discussed that with the increase in temperature, the specific heat of any
gas also increases. In an 1.C. engine, the pressure and temperature developed during combustion
are much less than that calculated by assuming specific heat to be constant. This results in lower
efficiency of the cycle. This effect of variable specific heat on air standard efficiencies of Otto and
Diesel cycles is discussed in the following pages.

=221.97 kN/m> = 22197 bar Ans.



Variable Specific Heat
40.10. Effect of Variable Specific Heat on Otto Cycle
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The effect of variable specific heat on Otto cycle is shown on p-v and 7-s diagram in Fig.
40.5. The ideal Otto cycle is represented by 1-2-3-4, When the variation in specific heat is taken

into account, the cycle is represented by 1'-2"- 3-4’ (i.e. by dotted lines).

1 Ideal cycle I
¥
With sariable i Ideal cycle
® ‘ sprcific heat 3 | Withvariable 1
§ 4 E spacific heat ’I‘
a € ¢ 1
a @ Ly
2 = 4 et
2 4
3
Volume——» Entropy ——
ta) p-v diagram. b) T-s diagram.

Fig. 40.5. Effect of variable specific heat on Otto cycle.

Let us derive the relation for the variation in air standard efficiency of Outo cycle with
pescentage variation in ¢,. We have already discussed in Chapter 6 (Art. 6.16), that air standard

efficiency of Otto cycle is

*
=l O Dy (R
n’
where r= Compression ratio, and

Y= Ratio of specific heats = /¢y
=R
1-N=(r) =

Taking log, on both sides, we get
log, (l -n): =R 10g, v
S
Differentiating the above equation, we get

1 -1 dey
—I—_uﬁdrl=—R]ug,r[:;dq,]=Rlng¢rx—z~

v <y

* We know that

p

Dividing throughout by c,, ,

—t,=R

q R
Lo1=8 o T—lz.ﬁ
Cy Co ¢,

[ v=c/c,]
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dc
or —O'T]=(|'~T|}£|ag¢rx—-g
Cp Co

Dividing both sides by 1, we get
_dq__“l—q £Icl rxﬁ
i €y € c

m {0 *
- de,,
ar ﬂ L-ni % I-:;g,rxﬂ
n “ cp Co
- de,,
=-23 ['———'l] AN .
n c, Cy

Hence the above cquation shows the percentage variation in air standard efficiency of Otto
cycle with the percentage variation in ¢,

The minus sign indicates that the efficiency decreases with increase in c,,

 Example 40.4. In an air standard Otto cycle, the compression ratio is 7. Calculate the
change in efficiency if the specific heat ar constant volume increases by 2%. Take Y= 14.

Solution. Given : r=7; dc,/c,=2%=002 ; Y=1.4
We know that air standard efficiency for Otto cycle,

S e s e
n=l-Grr= 1" T1=""218

=1-046=0.54 or 54%
.~ Change in efficiency,

- dc
g3 [0 R g2
n n )G €

0.54 = Co

-—2.3[ 054)“ - 1) log 7x0.02 i
_‘_[._._z il
cy o

=—0.0133=- 1.33% Ans.
The minus mgn indicates that there is a decrease in the efficiency of Otto cycle.

Example 40 5. InanOno cycle ,the compression ratio is 7 and the campression begins
at ! bar and 325 K. The air fuel ratio is 15 : | and the caionﬁc value of fuel is 46 000 kl/kg.
Determine the maximum pressure in the cycle, if the mean index of compression is 1.37 and specific

heat at constant valumel is given by
' ¢, =07116+0.21x 107" ki‘kgK
~ Ifvalue of ¢, remains constant as 0.7116 kJ/kg, and the value of compression index is
unaltered, what will be the maximum pressure ?
Solution. Given: r=v,/0, =0,/v, =1; py= Ibar=100 kN/m’ ; Ty =325 K Air-fuel
ratio=15:1; C.V=46000 kJ/ kg;n=137;b=07116 kI/kg K; K=021x 107" ki/kg K.
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at the end of compression.

or

The p-v diagram for the Otto cycle with variable specific heat (c,) is shown in Fig. 40.6.

Firstof all, let us find the pressure and temperature

Let py= Pressure at the end of r

: “pv' ¥’ = Constant
cempression, and :

Ty= Temperature at the end
of compression.

We know that, during compression process 3-4,

o]

Pressure
F-9

3

Volume ———»

Fig.40.6
U
P4=P3[*§I‘=F1xr"=10[}(7}]'ﬂ= 1438 kN/m’
Uy L vvm=r)
|
Ty (pq) "
Also, ] [y
T (Fh]
n=1 137-1
=1 P " 3y [1438) 137 _
T"*T3(p3] -325[100] = 667.54 K

Now, let us find the temperature at the end of constant volume heat addition process 4-1.
Let T, = Temperature at the end of constant volume heat addition process.
We know (hat mean temperature,
_T+T)  667.54+T,
| g 2
- Mean specific heat at constant vol'me,

3 [667.54+T,
Cm=b+KT,=07716+021%10 3 kl/kg K
Now, let us find out the amount of heat added during the process 4-1,
Let Q4= Amount of heat added in kJ.
We know that, Air fuel ratio= 15 : | ... ( Given)

i.e. One kg of fuel mixes with 15 kg of air and thus total mass of mixture

(_m)=l§+|=16kg,

Since the calorific value of fuel is 46 000 kl/kg of fuel therefore,
Q4 | =Mass of fuel X C.V. = I x 46 000 =46 000 kJ

We know that in constant volume process, the amount of heat added is equal to change in

internal energy, i.e.

56—

Q4_|=U|-'U4 B
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Q4_| =M Cyy (1 -Ty wonll i W ~Uy=m cm[i"l =T 1
) ~3 667.54+T,
46000=16% | 0.7116+0.21x10 —'—2—“— [T]—667.54J
46 000

= =[0.7| 1640105 107> X 667.54 + 0.105 X IO']xT,] [r,—ms?.sa.]

2875 :[o.'n 16+0.0701+0.105% 107" X T,] [r, - 667.54}

© Z0.7116T, +0.0701 T, +0.105 107> (T))? - 475.02-46.79 - 0.0701 T
=0.105x 1077 (7)? +0.7116 T, - 521 81
or  0.105x 107 (7,)*+0.7116 T, ~3396.81=0

(7% +6.78% 10° T, - 3234x 105=0

 628x10° + V(6.78x 107 - 4x (- 3234 10°)
§= i 2

_678x 10" + V(4597 x 10+ (129.36x 10%)
2

~678%10° £ 13.24x10°
2

T;=3230K or -10010 K

Taking the positive value of T, we get
T,=3230 K
Maximum pressure in the cycle
Let py= Maximum pressure in the cycle.

We know that for the process 4-1,

;_Il: ;.i, ... { -7 Volume is constant }
P =P Il' =1438 3230 =6958 kN/m?= 69.58 bar Ans
=4 T, 667.54 2 2

Maximum pressure i the cycle if ¢, remams consiant
Let py’ = Maximum pressure in the cycle if ¢, remains constant.
First of all, let us find temperature at the end of compression again with ¢, as constant.
Let T'= Temperature at the end of compression.
We know that

Qy1=mc, (T) =Ty
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46000=16x0.7116 (T,’—ﬁﬁ?.ﬁ)

: __ 46000
Ty - 66754 =1 017G = 90402

or T\ =4040.2+ 667.54=4707.74 K

- Maximum pressure air the cycle,

T!
P =ps [:é]= I438[”°7‘7"J= 10.141x 10° kN/m?

= 10141 bar Ans.

Example 40.6. An engine working on Otto cycle (constant volume cycle) has a
compression ratio of 10, The temperature rise during compression is from 320 K to 820 K and at
the beginning and end of expansion, the temperatures are 1720 K and 688 K , both the compression
and expansion being adiabatic and occupying the whole stroke.

Assuming that the specific heat at constant volume has the Jorm b+ KT where b and K are
constants and T is the absolute temperature, and the value of R = 287 J/kg K, find: 1. The values
of b and K, and 2, the theoreticql efficiency.

Solution. Given : r=vy/v,=v,/v;=10; T;=320K ; T,=820K ;T,=1720K ;
T,=688K; R=287J/kg K

1. The values of b and K

The p-v diagram for Otto cycle with variable
specific heat (c, ) is shown in Fig, 40.7. T 1
We know that during the expansion process 1-2, g 4 Expansion
no_nn 8 2
T T, - Compression
3
v T '
or 4T x |2 =10x@=25
7 |\ T, 688 Volime ——
We also know that for compression process 3-4, Fig. 40.7
P3U3 P44 Pa_(vs). (T4 820
—_—=— —_—=— —I=10x—=125.
T T, 0r_ v Lo X a 0 320 25.625

We know that the equation for reversible adiabatic process with variable specific heat is
KT a

P «? t.'b-—-Conslanl

Hence for the expansion process 1-2,
KT,
b

=py € v

, Pein

or  log, py+—p=+glog, vy =log, py+—=+7log, v,
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4] a 0ol 21=K( 7, -
-231log [Pz)+ 23x b Iog[ﬂl]- b[?‘. Tz]

2.310g(25) +23 % log (m) " % (1720433)
~322b+23xa=1032K 0

Similarly for the compression process 3-4,

X7 .a h =
pme’ v =pe’ W
KTy a KTy a
or log, p3+--b—+sxlog, v3=log,p4+—5——+slng¢v4
P4 a3 K(r, -
or 2,3Iug(PJ+2.3xblug[o‘)—b('!“ Tl)

~231log (25.625) +23x log (10)=~f(820 4 320)

2324423%x % =002

b b
or ~324b+23a=500K L. (i)
From equations (i) and (i), we get !
002b=332K or b=26600 K .« . ATiy
We know that

c,=b+KT; and cp=a+KT
R=c,-¢y=a~- b
or a=R+b=287+26600 K (1))
Substituting the value of b and a from equations (iii) and (iv) respectively in equation (i),
we get F
-324 (26 600 K] +2.3 [287 +26 600 K] =500K

~ 86184 K +660.1+61 180 K=500K

or 25 504 K=660.1 or K=0.0259 /kg K> Ans. ,
b =26 600 K =26 600 x 0.0259 = 688.9 1/kg Ans. ... [ From cquation (iif) ]
2. Theoretical efficiency
We know that theoretical efficiency,

: — = 1-040=060 or 60% Ans.

1
f=l-—pr = l-—:
(4] (109)



Variable Specific Heat 879

40.11. Effect of Variable Specific Heat on Diesel Cycle

The effect of variable specific heat on Diesel cycle is shown on p-v and T-s diagram in
Fig.40.8. The ideal Diesel cycle is represented by 1-2-3-4. When the variation in specific heat is

taken into account, the cycle is represented by 1°-2-3"-4.

1 2 |deal cycle

With variable
specific heat

Pressure
Temperaturg ————p

Entropy ————»

(a) p-v diagram. (b) T-s diagram.
Fig. 40.8. Effect of variable specific heat on Diesel cycle.

Volume ————»

Let us derive the relation for the percentage variation in air standard efficiency of Diesel
cycle with the percentage variation of ¢,,.

We have already discussed in Chapler 6 ( Art. 6.17) that the efficiency of Diesel cycle is

: r : l: T l ] ('
where F= Compressioh ratio,

p = Cut-off ratio, and
¥ = Ratio of specific heats = &y

]
O T ve-1

T
ey =1
. E [ﬂp-l}]

Taking log, on both sides, we get
!og,( l -1])=—(7— I) log, r + log, (p"- I]—Iog, ¥ -log, (p—l)

Now, differentiate the above equation with respect to y,

p'lo
K PR ...
I"T] d'f pT_l Y
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or

or
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" Y]
pllog.p
=|1- ) log, r— + =
n=( )| leer-, ,‘,]a‘v
Dividing both sides by 1, we get
¥
1-1] plomp i :
S gt T
We know that
cp—cv=R oo (i)

Dividing equation (iif) by ¢, we get

Differentiating the above equation, we get

d?=—%dcu=:—kx

Substituting this value of dy in equation (ii),

dc,,

{s11-8)

we get

. 5 ¥
ﬂ:— 1=1 Iug,r—p iog,p+',_ 1-1 d—&{
n L n J p‘-]_ i) Cy
o 4 ¥
= plog, p d:
d—';l‘=- l_nl'l (7-1}[10&.?— 3 . +l} =
= . p "'l Y Cp
[ —n] 3pTl de,,
e =t [2_3,0g',_2_w+1] dey
“ | I]T-l T cp

Hence the above equation shows the percentage variation in air standard efficiency of
Diesel eycle with the percentage variation in c,,.

The minus sign indicates that there is a decrease in efficiency with increase in c,,

Example 40.7. In an air standard Diesel cycle, the compression ratio is 13 and the fuel
is cut-off at 8% of the stroke. Calculate the change in efficiency if the specific heat at constant
volume increases by 2%. Take Y= 1.4.

Solution. Given : r= 13 ; Cut- off = 8% of stroke volume ; dc,/c,=2%=002;y=1.4
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First of all, let us find out the cut-off ratio. We know that cut-off ratio,

" ad +Cul—ﬂ"% sl
e 100

=l+i 13- lq= 1+008x 12=1.96
100 )

~ Air standard efficiency for Diesel cycle,

| pY-1 { (1.96) 4 -1
“ﬂ_(r)"“'[?fp-‘)]=l_(13}""" [r‘(‘-%-'?J
=1-0417=0583 or 58.3%
We know that change in efficiency for Diesel cycle,

= h § il
ﬂ=_[u1] [T_ ,Mm |ogr_2§.i;_l‘23.ﬂ+£] dey

n n p -1 Y|
__[1-0s83] (., _ _23x%(1.96) “1og (1.96) | 1
= [ 0,583 ] [!.4 l] [ 23log13 (1.96)“44[ + 14 0.02

==00124=_ 1 24% Ans.
The minus sign indicates that there is a decrease in the efficiency of Diesel cycle,

Example 40.8. [nan Diesel cycle, the compression ratio is 15 and the compi ession begins

at | bar and 420 K. The air-fieel raio is 25 : 1 and the calorific value of fuel is 42 000 kJ/kg. The

law of compression follows the relation p v!93 = constant Determine the percentage at which the

consiant pressure combustion stops. Neglect molecular changes during combustion.

Take c,=0.7116+0.21 x 107’ T kiskg K, and R=0.287 ki/kg K.

o

Solution. Given : r=v,/v;=15; p;=1bar=100 kN/m?; T, =420K; Air-fuel ratio =

25 : 1; CV.=42000 ki/kg ; n=135; b=07116 ki/kgK ; K=021x10"> ki/kgK? ;
R=0.287 ki/kg K

The p-v diagram for Diesel cycle with variable specific heat is shown in Fig. 40.9.
First of all, let us find out the temperature at the end of compression process 4-1.

Let ¥ = Temperature at the cnd of compression process 4-1.

We know that volume at cut-off,

va=1 4 -‘%{%‘-‘-}'— % Stroke volume
Dividing throughout by vy ,
P2 | Cul-off% (i e
o =1+ 00 [t’_| - I] oo (2 Btroke volvme = vy - 1))

Cut—off % Uy Uy
=] g—— o we s ] h e
or 2] 100 [r i] [ o p oand i r]
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We know that during compression process 4-1 ,

Pressure

1,351
=420( 15) - 108363 K

Now let us find out the amount of heat
added during the constant pressure heat addition
process 1-2.

Let Q;_5= Amount of heat added in kJ.

We k‘now l|'llnl air fuel rar_le =25:1,ie one T N
kg of fuel mixes with 25 kg of air and thus the total _
mass of the mixture (m) =25 + 1 = 26 kg. s

Since the calorific value of fuel is 42 000 kJ/kg of fuel, therefore

.= Massof fuel x C.V. = 1 x42000=42 000 kJ

Now, let us find out the change in internal energy during the constant priessure heat addition
process.
Let U5~ U= Change in internal energy.
We know that mean temperature (7,,) during process 1-2,
T, +T, 108363+T,
L T 2

.~ Mean spectfic heat al constant volume,

3 (1083.63+T,
Com=b+ KT, =07116+021x 10 —Z—J kI/kg K

=0.7116+0.105% 107> (1083.63+4 T,)
We also know that change in internal energy,
Uy=Uy=mey, (T,~T))
=26 [ 07116+ 0.105x 107 (1033.63+T1)] (rz— 1083.63)
-—-(2!.46+ 273% 1073 Tz) {1‘2 - 1033,63]

=273 107} (1,)* + 185 T, - 23254.7

Now let us find out the work done during the process 1-2. We know that for constant

pressure process |-2, work done
Wia=ply-v)=mR(T,-T))=16x0287 (T, - 1083.63)

=4.6Ty-4984.7 K
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Now, let us find out the temperature at the end of constant pressure process 1-2.

Let T, = Temperature at the end of process 1-2.
We know that for a process, the general gas energy equation is
012=U- Ui+ Wy,
Substituting the values, in the above equation, we get
42000= 273X 1072 (T + 18.5 Ty ~23254.7T) + (4.6 T, ~ 4984.)
273% 1073 (17 +23.1 7, - 70239.4=0
(T2 +8.46x10° T,~25.73% 10°=0

5 246X 10° £ V(8.46 % 1072 — 4 x 1 x (2573 % 10)
2

_~8.46X 16°+ V7157 10° + 10292 16°
- 2

 —8.4610°11321%10°
= 2
T,=2375K or T,=—10830K

Taking positive value of T, we get
T,=2375K
We know that for constant pressure process 1-2,
v, T
3 L3 2375 2.19

Percentage at which the constant pressure combustion stops

We know that the percentage at which the constant pressure combustion stops

=1
Uy =01 v
s———tx 100=—1—x 100
‘U‘,—v, E 1
vy
A9=1
=557 X 100=8.5% Ans.
EXERCISES

1. One kg of a certain gas is heated from 500 K to 1300 K. Calculate the change in inicmal encrgy

and enthalpy.
! Take cp =0.946+0.000 184T kI/kg K and co=0.653+0.0001847 Ki/kgK.
[Ans. 6552 Kk ; 889.6 kJ ]
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2. A certain quantity of gas having a volume of 4m’ at [.2 bar and 30°C is heated at constant
pressure to 50°C. Determine : 1. Mass of the gas ; 2. Heat transfer during the process and 3. Change of
entropy.

Take ¢, =0.946+0.184x 107 T ki/kgK and cp=0.946+0.184% 107> T kl/kg K
[Ans.5.41 kg ;1082 KJ |

3. Amass of 1.8 kg and volume of 0.15 m’ of certain gas at 45 bar is expanded isentropically such
that the temperature falls to 600 K., Determinc : 1. Initial temperature of the gas, 2. Work done during the
process, and 3. Pressure at the end of expansion.

Take cp=0.946+0.000 184 T ki/kg K and ¢p=0.653+0.000 184 T kI/kgK
[Ans. 1279.86 K ; 1010.82 kJ ; 2.532 bar |
4. In an air standard Otto cycle, the compression ratio is 7.5. Caleulate the change in efficiency if
the specific heat at constant volume increases by 3%. Take y=14 [Ans, -1.95% )

5. In an air standard Diesel cycle, the compression ratia is 18 and the fuel is cut-off at 5% of the
stroke. Calculate the change in efficiency if the specific heat al constant volume increases by 2.5%. Take
Y=14 [Ams. -1.44% ]

QUESTIONS
1. WHhat do you understand by molar specific heat?
2. Explain the effect of variation of specific heat with temperature,
3. Describe how moisture content of air affects the specific heats of air.

4. Derive the relations for the change in internal energy and enthalpy during a process
with variable specific heats.
5. The specific heats of a gas are of the form ¢, =a+KT andc,=b+KT ,wherea, b

KT
and K are constants and T'is in K. Derive the formula 77 vf P constant, for the adiabatic
expansion of the gas.

6. Explain the effect of variable specific heat on air standard efficiencies of Otto and
Diesel cycle.

7. Derive the following relation for Otto cycle, by taking variation of specific heat in
account :

o de,
ﬂh[u]_ﬂ;h&,x_u
M n & c,,

OBJECTIVE TYPE QUESTIONS

1. Gases have

(a) one specific heat (b) two specific heats
{c) three specific heats (d) four specific heats
2. The value of specific heat at constant pressure (€p) wiucennn: with increase in temperalure.

(a) increases (b) decreases (¢) remains same
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3. Molar specific heat at constant pressure (¢,,) is
(@)M+cp (b)M-cp ()Mcp (dy M/¢cp
where M = Molecular mass of gas, and
= Specific heat at constant pressure.

4. Molar specific heat at censtant volume (¢,,) is
(@M+ev (BYM -y (©OMev (d) M/cy
where M= Molecular mass of gas, and
¢, = Specific heat at constant volume.

' ¢
5. The ratio of specific heats [7= EE] for air

v
(a) increases with increase in moisture content in air
(b) decreases with increase in moisture content in air
(c) remains constant irrespective of the increase in moisture content of air
(d) increases first and then decreases later with moisture content in air

6. ‘The ratio of specific heats [1: Eﬂ} for real gas
v

(a) increases with increase in temperature
(b) decreases with increase in temperature
(¢) remains same irrespective of increase in temperature

(d) increases first with incrcase in temperature and then decréases with further increase
in temperature

7. The gas constant (R) is equal to
(a) ratio of two specific heats
(b) sum of two specific heats
(c) difference of two specific heats
() product of two specific heats
8. The change in internal energy during a process with variable specific heats is equal to
(@mcy(T—T)) (b) m cym/ (T2~ Th)
(e)mey/(T,-T)) (d) m cym (T2~ T)
9. The efficiendy of Otto cycle
(a) increases with increase in specific heat
(b) decreases with increase in specific heat
(c) remains same with increase in specific heat

+ (d) first increases then decreases with increasc in specific heat
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10.  The efficiency of Diesel cycle
(a) increases with increase in specific heat
(b) decreases with increase in specific heat
(c) remains same with increase in specific heat
(d) first increases and then decreases with increase in specific heat

ANSWERS
1, () 2. (a) 3.(c) 4.(¢c) 5. (b)
6.(b) 7.(c) 8. (d) 9.(b) 10. (&)



