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7 Psychrometrics

Learning objectives:

1. In this chapter, ‘Psychrometrics’ i.e. is the study of properties of air-water vapor mixtures is
dealt with.

2. We give the definitions of various terms and also the thermodynamic equations to
determine various psychrometric properties.

3. Psychrometric chart, which is very useful to analyse psychrometric processes, is presented.

4. Various psychrometric processes adopted in air-conditioning are explained with the help of
Psychrometric chart.

5. Two very good stand-alone calculators to quickly calculate various Psychrometric
properties are explained.

6. Usefulness of Psychrometric chart is demonstrated by solving many problems.

7. Several very useful Functions are written in Mathcad to calculate various psychrometric
properties. A summary of various Mathcad Functions written is also provided.

8. Also, many problems are solved in Mathcad, EES and TEST to illustrate the problem solving

techniques in this chapter.

7.1 Definitions, Statements and Formulas used [1-11]:
7.1.1 ‘Psychrometrics’

‘Psychrometrics’ is the study of properties of air-water vapor mixtures. We also study various processes
involving the air-water vapor mixtures and the important applications are in the fields of comfort air

conditioning , paper and textile engineering processes etc.

7.1.2 Properties of atmospheric air:

Atmospheric air is considered as a mixture of air and water vapor. Further, both air and water vapor are

considered as ideal gases (without much error, i.e. less than 0.2%).
Therefore:

Atmospheric pressure: p = p_+ p_, where

p, = partial pressure of air, and

p,, = partial pressure of water vapor.
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Enthalpy of dry air:  h_ = cp.T = 1.005* T, k]/kg
Ah_ = cp. AT = 1.005 * AT, kJ/kg

Enthalpy of water vapor:

Enthalpy of water vapor at 0 C is 2500.9 k]/kg.

Average value of cp in the temp range -10 C to 50 C is 1.82 kJ/kg.C.
Therefore, enthalpy of water vapor at temp T is determined as:
hg(T) =2500.9 + 1.82 * T, kJ/kg,... T in deg.C

Total enthalpy of moist air:

h(T) = 1.005 * T + w * (2500.9 + 1.82 * T), kJ/kg

Sat. pressure of water vapor (psat): is related to the ‘dry bulb temp’ (i.e. the ordinary temp measured
with a thermometer in atmospheric air. Sat. pressure of water with temp can be read from the Steam
Tables [Ref: www.thermofluids.net — TEST Software]

deg-C kPa
_ Sat.
emp.

T%C  p_sat@T

0.0 0.6113
o 08721
10 1.2276
15 1.7051
20 2339
25 3.169
30 4246
35 5628
40 7384
5 9593
5 12.349
55 15.758
60 19.940
65 2503
70 31.19

Download free eBooks at bookboon.com


http://www.thermofluids.net

Following is the mathematical relation for the vapor pressure(Pa) of water with temp (deg.C) [11]

Laa
==

AT + 273.15) ..

—3.8002206-10 -
psat= exp) ———————— + 1.3914003 — 48 640232-10
T+ 27315
— A h — 0 3
+41.764768-10 ”-(1’ + 27315} — 14.452003-10 ”-(1’ + 27315} + 6.3439675-In(T + 273.15)

At T = 20 C, we get: psat = 2339 Pa, which matches very well with the above Table.

Specific humidity or humidity ratio (w): is defined as:

m,..
i kg water vap/kg dry air

W=

a
Pu""‘
BT . .
ie w= ...using ldeal Gas relation
Py ¥
R, T

) W
I.e. w= 062198 —
Pa

j L
h kg water vap/kg dry air
P~ Pw

=3 w= 052198

where p is the total pressure = atmospheric pressure = 101325 Pa

Relative humidity (RH or ¢): It is the ratio of amount of water vapor present in air to the max. amount

of water vapor that it can hold at that temperature.

pw"\
m,. BT o
bz —=— =¥ where p, = psat at T
mg Py Pg
R‘m"j
Also: by = bl

(062198 + xt'j-pg

0.62198--p,
W= —-

and p— 'i"I:'g
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Degree of saturation (p): It is the ratio of actual specific humidity and the saturated specific humidity,

both at the same temp T.

P
0.622-
W PPy
b= : =
0.622 ——
PP
1:'“- P ps
e u=s —-
Ps P~ Py
Also: n= +
(1- -*-.:-1.1'5
+ ——
0.62193

For dry air, i.e. when ¢ = 0, we have: u = 0, and
For sat. air, i.e. when ¢ = 100%, we have: p = 1, i.e ¢ varies between 0 and 1.

Dew-point temperature (dpt): It is defined as the temp at which condensation begins when air is cooled

at constant pressure.
i.e. dpt is the sat. temp of water corresponding to the vapor pressure.

ie.dpt=T_ atp,
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Dew point temp (deg.C), between 0 and 70 C, as a function of partial pressure of water vapor in
air (pw), is given by following eqn:

-

dpt({pw) = —33.837 — 1.8726-In{ pw) + 1.168%-(In{ pw))~ ~.deg. C, pwinPa

Remember that p_is related to dry bulb temp and RH. So, dew point temp (dpt) can be written in terms
of dry bulb temp (dbt) and RH.

Dry bulb temperature (dbt): It is the temp measured with an ordinary thermometer placed in air.

Wet bulb temperature (wbt): It is the temp measured by a thermometer when its bulb is enveloped

with a cotton wick saturated with water and held in a flowing stream of air.
A ‘Psychrometer’ measures both the dry bulb temp and wet bulb temps.

At any dbt, greater the difference between the dbt and wbt, smaller is the amount of water vapor held

in the mixture.

Adiabatic saturation temperature[Ref:1]:

Unsaturated air Saturated air
T| . (L'|| :Ir:. |'.I:'_',\-
b iy = 100%
T P
L)— el

Liquid water
]

!

Liquid water
at T:

Adiabatic
saturation
temperature

/ lemperature
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Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

When unsaturated air flows over a sheet of water in a long, insulated chamber, water evaporates and the
specific humidity of air increases, and both air and water get cooled. If the chamber is long enough, the
air comes out saturated. Its equilibrium temp is known as “adiabatic sat. temp.” This temp is generally

between the dry bulb temp and the dew point temp.

Generally, wet bulb temp is equal to the adiabatic saturation temp. for air-water mixtures at

atmospheric pressure.

Making a mass balance and an energy balance and simplifying, we get:

ep{ Ty = Ty) + wyhgg,

W= -..kg H20/kg dry air
hgl - by
and,
0.622-p_,
Wy = ————— ...kg H2O/kg dry air
Pr-po
360°
thinking
Deloitte
Discover the truth at WWW.dClOitte,CalcareerS © Deloitte & Touche LLP and affiliated entities.
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In the above, h_is the enthalpy of water vapor, h,is the enthalpy of liquid water, 1 and 2 refer to inlet and
exit of the chamber. p , is the sat. pressure of water at T2. While doing calculations, we can substitute

wet bulb temp (wbt) for T2, in the above equations.

Relative humidity from DBT and WBT:

Method 1: Following simple formula may be used for computer calculations:

[ psatt{WET) — (DBT — WEBT)-63 ]

phi{DET ,WET) =
psatt{DET)

Ex:  phi(20,15.7) = 0.647 = 64.7%
When the wet thermometer is frozen, the constant in above eqn. changes to 56

Method 2: Using Carrier’s Formula to get partial pressure of water:

[P —|{pw_} :I-{dbt — whi)
“ whi

Pa

pw=| pws:

wht 15274 — 1.3-wht

In the above formula, pressures are in Pa, temps in deg.C

P R O — g
e p“'idht__“'bt__Pj = |:I:'Eatti“'btj _ gP p—ﬂtt-“ﬁbt‘” I%Iﬂ.]'ll‘t “bt_,:|  Pa

15274 = 1.53-wht

Laa

Ex:  pw(35.25,101325) = 2513x 10" ..Pa

I:I W

pw,

And, EH=

- ¥ "
Therefore:  RH({dbt,wht P} = pw(dbt. wbt.F)
psatt{ dbt)

Ex: RH(20,15,101325) = 0.588 = 58.8%
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Method 3: Following Table from Engineering Toolbox may be used [Ref: 13]

Relative Humidity - RH (%)

Difference
Between Dry o
Bulb Dry Bulb Temperature - Tgs (*C)
and Wet Bulb
Temperatures
Tab - Tut 15 18 20 22 25 57 30 33
c)
1 Q0 o1 91 92 92 92 93 93
2 80 82 83 84 85 85 86 87
3 71 73 75 76 77 78 79 80
4 G2 65 BT 68 70 71 73 74
5 53 57 59 61 64 65 67 69
6 44 49 52 54 a7 59 61 63
7 36 42 45 47 a1 53 55 58
8 28 34 38 41 45 47 50 53
9 21 27 31 34 39 41 45 48
10 13 20 25 28 33 36 40 43

For example: For a DBT = 20 C, WBT = 15 C, difference is = DBT - WBT = 5 C, and from the above
table, under the column for DBT = 20 C, we get: RH = 59%

Method 4: Use stand-alone Psychrometric calculators ... This is explained later in section 7.1.5

Sp. volume of moist air (m3/kg) is given by:
S U o _
|5 | 287.055-(dbt + 273.13)-(1 + L6078 w)

= m*3/kg of moist air
1 +w

where P is the total pressure = atmospheric pressure = 101325 Pa.

713 Psychrometric chart:

This is a plot with DBT on x-axis and sp. humidity (w) as the ordinate. Volume of mixture (m/3 / kg
dry air), WBT, RH and enthalpy of mixture appear as parameters. Chart is generally plotted for 760
mm Hg (or 1 atm. or 101325 Pa).
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Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

Following schematic from Ref. 1 shows various lines:

Specific humidity, @

Dry-bulb temperature
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Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

In the Psychrometric chart, for sat. air, DBT, WBT and DPT coincide as shown below:

Saturation ling ————

17

Download free eBooks at bookboon.com



Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

A Basic Psychrometric chart is shown below:

Basic Psychrometric Chart

0.03

0.025

0.02
80% 25

60%
/ 20C

e ST
&wcs/
M

DS

Humidity ratio (kg water per kg dry air)
o Z
[ f—
[y Ln

ALY

0.005
j>< ™ | o ““‘“\\
<oC | Kﬂ"” P |
0 W%
0 5 10 15 20 25 30 35 40 45 50
Dry bulb temp (C)
18
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Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

An actual Psychrometric chart given by ASHRAE is shown below:

In the following chart, note that humidity ratio is given on the ordinate as: (grams of moisture per kg

of dry air)

ASHRAE PSYCHROMETRIC CHART NO. 1
NORMAL TEMPERATURE SEA LEVEL
01328 e

VAROMETISC PRESSURE
COPYRIGHT 1952

AMERIGAN SOCIETY GF HEATING, REFRIGEATING AND AIR-GONGITIONING ENGMEERS, M.
LN
1y
SEMFIMLE HEAT . 4, o] 2
TOTAL WEAT - af. 2t
15 Lt
r'{ .
T 3
= 171§ 1
o o -
i /&«i_f
A
7 el
XL T &) .
m vy
R
= [
A
{1
T -
T ST

DRY BULE TEMPERATURE °C

The Wake
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Psychrometrics

.
.

Applied Thermodynamics: Software Solutions:

Part-IV (Psychrometrics, Reactive systems)

And, different zones of temp and humidity are shown in the following fig.
Comfort zone for humans is generally in the following range:

DBT: between 22 C and 27 C
RH: between 40% and 60%

LA P mE e

Temperature "C

Air-conditioning processes:

Important air-conditioning processes are summarized in following figure:[1]

714

20
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Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

Generally, heating and humidifying is done in winter and cooling and dehumidifying is required in

summer air conditioning.

a) Sensible heating [5]:

—_—
Air in

TS Gy

" Heating coil

tuu1 Eubi tdb,
DBeT—*

Here, air enters at T1, gets heated to T2, while the heater coils temp is T3. Sp. humidity, w remains constant.
Heat transferred, Q = m_* (h2 - h1), kJ/s
Bypass Factor (BF) is defined as:

DET, - DBT,
F=————  =length (2-3) / length {1-3}
DBT, - DBT,

Bypass Factor is a function of coil design and air velocity.

Bypass Factor can be considered as the fraction of air which does not come in contact with coil surface.

21
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Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

b) Sensible cooling:

h,
VYV I VIV II I IIIIIIIIIVD, h,
3 hy
1 2
[ ———
Air in Air out 3 N2 1
“ =
Pl T i
*H“Gmlingmil
b, b,

DBT —*

Here, air enters at T1, gets cooled to T2, while the cooling coils temp is T3. Sp. humidity, w remains

constant.

Heat transferred, Q = m_* (h1 - h2), kJ/s

> RBS Group
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Applied Thermodynamics: Software Solutions:
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Bypass Factor (BF) is defined as:

DBT, - DBT;
F= —————  =length (Z-3} / length {1-3) ...for cooling
DBT; - DBT;

c) Heating and humidifying:[12]

Here, first, the air is heated from 1 to 2, and then humidified by spraying water. Process is shown on

the Psychrometric chart below:

Heating coils Humidifier

—p —>

Adr

/ W L
‘=
16 'c_.
Mg
=
22 B
=
Moo=
1
15 2
3
16 5
14 2
12 E
10 5
&
8 =
-
wie(2) & 2
=
: £
T
) £ 40 0
vy Bulb Temperatare (C) ——
For the above case, we have:
Dry air mass balance: m_j=m_;=m,
Water mass halance: MW = MMy Wy e wy=w,y
Energy balance: Qi + my-hy=m_ by e Qy=m, (b~ hy

23
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Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

d) Cooling and dehumidifying:[12]

Y Cooling coils +
o/ Condensate Adir

|"-2I. | ::-T !

\D—/Cundcnsatc removal -
I8
b

12

14

10

Humidity ratio (w) grams moisture per kilogram dry air

u AL k] k1] 40 50

Dry Bulb Temperatore (C) —

For the above case:

Dry air mass balance: m_j;=m_;=m,
Water mass balance: M, Wy = MyyWy + M 8. m =m,|wy— “"2‘:'
Energy balance: Qo= my{hy - hi:l - mh

24
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e) Adiabatic Steaming:[12]

&
Steam
Air
=3 -
o’
2 |

1 5

1 K

4 51

17 2

w

2

18

B

16 £

14 Z

1z g

a2

1w 5

@ -

1-'. ] E

@ ooz

-

1} 1] 20 1l 40 a0

Dry Bulb Temperatare (C) —»

Note that in the above case, there is heating and humidification.

f) Evaporative cooling:[12]

Evaporative coolers or swamp coolers are used in hot and dry (i.e. desert) climates.

Here, the principle used is: as water evaporates, the latent heat of vaporization is absorbed from the water

body and the surrounding air. As a result, both the water and the air are cooled.

The schematic diagram of the apparatus and the process on the Psychrometric chart are shown below.
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Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

Note that evaporative cooling process follows a constant wet bulb temp line on the Psychrometric chart.

Liquid water

Cool. moist air Hot, dry Air
=] =}
\_/
(2 1
w® S
T3 ,:_?
u g
n B
w =
=
18 ;'
. 16 =
" . u 2
" w it g
w 5
s Z
=)
5 (3 *E
‘g
" i1 0 k) 40 ET =

iy Bulb Temperatore (C) —

For the above process (1-2), we can write:

WBT = constant, and, h = constant.

26
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Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

g) Adiabatic mixing of air streams [1]:

Schematic diagram and the process on the Psychrometric chart are shown below:

Mixing
section

For the above case:

Dry air mass balance: m_; +m_,=m_;

Water mass balance: MWy + My Wy = m3-w3

Energy balance: moq-hy +myhy=m sh

ai™3

Then, we get:

myp Wy w3 hy—hy

m

a2 W3 — Wy h3 - hl

Note: When two air streams at two different states 1 and 2 are mixed adiabatically, the state of the mixture
(i.e. state 3) lies on the straight line connecting states 1 and 2 on the Psychrometric chart, and the ratio

of the distances 2-3 and 3-1 is equal to the ratio of mass flow rates m ; and m_,.

27
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Part-1V (Psychrometrics, Reactive systems) Psychrometrics

h) Wet cooling towers [1]:

Here, warm water is sprayed from top of the tower and air is forced to flow from bottom of tower to the
top. A small fraction of water evaporates and cools the remaining water. Temp and moisture content of
air increase as air travels to the top of tower. Make up water must be added to the cycle to replace water

lost by evaporation.

AIR EXIT

HEHER

@ WAEE . FANM )
WATER ALKNMAA

\\; AIR
& _INLET

COoOL @
WATER

Make up water
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For the above, we have:

S=m

Dry air mass balance: m_;=m_,

a

il - P e
Water mass balance: My + MWy = MWy + My

Energy balance: m y-hy + myhy=mohy + my-hy

al’

Solving for m

1]13'”513 - h-l-:

kg's

m, = PR W A—
=2 | 14

Volume flow rate of air in to the cooling tower:

Vy=m, vy where v1 is the sp. vol. of air (m*3/kg dry air} at state 1

Mass flow rate of make up water:

kg's

— A rmra — ey |
Mpakeup = Ma 1 ™2 ~ W1

7.15 Two free calculators for Psychrometric properties:

Quite a large number of calculators are available for calculation of Psychrometric properties.

Here, we explain two very good stand-alone calculators. i.e. they don’t require to be installed in the PC,

but will work if the program is put in a folder.
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1. PsychroCalc from www.numlog.ca:

Two inputs have to be provided: one is necessarily the dry bulb temp. Other one is any of the following:
wet bulb temp, or dew point temp or RH. Total pressure can be atmospheric or any other Altitude. SI

or IP Units can be chosen.

As an example, following screen shot shows the properties when DBT = 20 C and WBT = 15 C are input

and Calculate button is pressed:

“

Psychrometric Calculator

Dry Bulb Temp.:| 20 5 {* Wet Bulb Temp.: | 15 o
(* Pressure: | 101335 Pa ™ Dew F'u:nintTemp.:| o
C Altitude: | - O Rel, Humidity: | 5

* slunits ¢ IP Units Calculate Clear

Tdb = 20,0 o, B

Twb = 15.0 <

Tdp = 11.8 o

RelHum = 58.9 %

HR. = 8.58 gH20/kgAir

v = 0.842 m3/kg

MU = 0.584

h = 41.9 kJfka

VP = 1378.1 Pa

p= 101325.0 Pa
Tdb = dry bulb temperature RelHum = relative humidity h = enthalpy
Twh = wet bulb temperature HR. = humidity ratio WP = vapour pressure
Tdp = dew point temperature v = spedific volume D = pressure

MU = degree of saturation

About Help Exit

Note that Dew point temp, RH, humidity ratio, sp. volume, degree of saturation (mu), enthalpy, vap.

pressure and the atm. pressure (chosen) are given in output.

2. This is browser based calculator from Sugar Engineers’ Library. You have to save the page

from the Internet web site (http://www.sugartech.com/engrdata/index.php) just once, and

thereafter you can use it without being connected to Internet. Here also, DBT is the necessary
input, and for the second input, you can use WBT, RH, or DPT. In addition, you can enter

Altitude also, if required. SI or IP units can be chosen.
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Following screen shot shows the results for DBT = 20 C, WBT = 15 C, Altitude = 0 (i.e. sea level):

Sugar Engineers’ Library

Home MNews Prices Engineering Guides Material Properties Whats New Factories Links Contact Search

Psychrometric Calculations

The formulations used here to calculate moist air properties are based on perfect gas relations published in 1989 ASHRAE
Fundamentals Handbook, which should be accurate. Nevertheless, It is strongly recommend that you to compare the results
calculated by this worksheet with a psychrometric chart. There is no error checking so you should use reasonable input

values.

Inputs Outputs
Unit Chosen: @3l QIP
Parameter Name  Value Unit Atmospheric Press |1.0132387597 bar
Dry Bulb Temp.: |20 llc | Sat.Vapor Press. 23387977529 |mbar |
Wet Bulb Temp.: @ |15 llc | Partial Vapor Press. |13.784642579] mbar |
Relat. Humidity: O [s3939010704/[s | Humidity Ratio 000857873061 [kg/kg |
Dew Point Temp O [11772225637][C | Enthalpy |41.880514658] [kJ/kg |
Altitude [0 m | Specific Volume  |0.8410950650! | m3/kg |

‘mtiia IrAX?A Graduate
:

A (i 7_ . !’: ;'ei‘

Graduate Prograr

Find out more and apply

%

v

f

redefining / standards
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7.2 Problems solved with Mathcad:

Prob.7.2.1 Write Mathcad Functions for Psychrometric properties:

Mathcad Solution:

First, let us write Functions for saturation pressure of water as a function of sat. temp and vice versa. Also,
we shall write Functions to determine enthalpies of sat. liquid, sat. vapor and latent heat of vaporization

for water:

These Functions use the sat. temp table from TEST [Ref:12]

Ref TEST

Units: deq.C kPa kd/kg kd/kg
(0.017 (0.61137 (001 (250147

5 0.8721 20.98 25106

10 12276 20 25108

15 1.7051 62.99 25280

20 2330 23.96 25381

25 3.160 104.89 25472

tsat = 30 psat = | 4244 hf = 12379 hg = 23363

33 5.628 146 68 25653

40 7384 167.57 25743

45 9.593 188 45 25832

50 12.349 209.33 25021

33 15.758 23023 26000
_60 ) \ 1994 | 25113 ) | 26096 )

In the following Functions: P....in Pascals, T ... in deg.C

PSATT(T) := linterp(tsat, psat, T)-1000 Ex: PSATT(25) = 3.169 < 107 Pa
P
TSATP(P) = linterp| psat, tsat, | Ex: TSATP(1754) = 15386 C
1000 /
HFSATT(T) := linterp{tsat bf | T) Ex: HESATT(30) = 12579 klikg
HGSATT(T) := linterp(tsat_hg, T) Ex: HGSATT(30) = 2556 = 107 kl/kg

HEGSATT(T) = HGSATT(T) - HFSATT(T) Ex HFGSATT(15) = 2466 » 10°  klikg
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Other Functions:
2dl. plessun-.' UvVel wdlel. l\dllge. UV WU LUV L.

T in deg.C, pressure in Pa.

1. Sat. pressure:

—5.8002206-10° -3
psatt(T) = exp) —————— + 13914993 — 48.640230-10° (T + 273.15) .
T+ 27315

£ 41764768107 (T + 273.15)7 = 14452003107 2T + 273.15)° + 6.5450673-In(T + 273.15)

Ex:  psatt(20) = 2339 % 107 Pa
2. Sat. temp:
p=2330 Pa

T=30 C._ trial value
(ven
psatt(T) = p

tsatp{p) = Find(T)

ie.  tsatp(p) = 20001 C

Ex:  tsatp(7384) = 40001 C

2. Relative humidity ¢:

I:I W

S S — ...pw is the prtial pressure of water at dry bulb temp, dbt
psatt] dbt)

#(pw. dbt) =

3. Partial pressure of water, pw:
Pw{dbt,RH) = RH psatt(dbt) Pa

Ex: Pw{20.0.5) = 1.169 x 10° Pa
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4. Humidity ratio, w:

kg H2O0/kg dry air P is total pressure = atmosph. pr.

0.622-pw
w(P pw) = e p‘-fr

pw

W(dbt,RE,P) — 522 R psatt(dby kg H20/kg dry air __ P__in Pa

(P — RH- psatt(dbt))

3

Ex:  W(20,05,101325) = 7262 % 10° - kg water/kg dry air

22
we(P, dbt) = 0.622 peatt(dbr) ... at sat. pressure

P — psatt]dbt)
e ws(101325,20) = 0.0147  kg/kg dry air

5. Degree of saturation, p:

W(dbt,RH,P)

mufdbt BH P} =
ws(P, dbt)

Ext mu(20,05,101325) = 0.404

\ The next step for
top-performing

oraduates

Masters in Management Designed for high-achieving graduates across all disciplines, London Business School’'s Masters
in Management provides specific and tangible foundations for a successful career in business.
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6. Dew point temp, deq.C: ... between 0 and 70 C:

dpt(pw) = ~33.957 — 18726 In(pw) + L1639 (ln(pw))~  ..deg C, pwinPa
Ex: dpt(1169.4) = 9147 C

Also:
7. Dew point temp, deg.C: ... between 0 and 70 C: ... in terms of DBT and RH:

dewpt{dbt, RH) = dpt{Pw(dbt,RH)) C.

Ex:  dewpt(20,0.3) = 9.147 C

8. S5p. volume of moist air (given in Psychrometric charts)... in m3/kg :

10
5 [ 287.053-(dbt + 273.15).(1 + L6078-W(dbt REL))
v(dbt,RH,P) = <

m"3/kg of moist air
1 + Wi{dbt RH.F")

Ex: +(20,0.5,101325) = 0.834 m*3/kg of moist air

9. Density of moist air :

tho{dbt, FH,F) = ' ...density of moist air ___kg/m*3
v(dbt.RH.P)

Ex:  rho(20,05,101325) = 1.199  kg/m*3

10{a). Enthalpy of water vapor: (0 deg.C is the reference. Enthalpy at 0 deg.C = 2500.9
kJikg Average sp. heat (cp) of water vapor between -10 and 50 C is 1.82 kJ/kg.C)

h (T) = 25008 + 182T kg

Ex: hy(25) = 2.5464 x 10°  klikg
10{b). Enthalpy of dry air: (0 deq.C is the reference. Average sp. heat (cp) of air between
-10 and 50 C is 1.005 kJ/kg.C)
Breai(T) = L00ST  klikg

EX. hgpas(23) =23125  klikg
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11. Enthalpy of moist air :

By oig(dbt.RELP) = 1.005-dbt + W(dbt, RE.P)-(2500.9 + 1.82-dbt)kl/kg

Ex: hyi(20,0.5,101325) = 38527 kl/kg

12. RH from DBT and WEBT.... :

[ psatt{WBT) — (DBT — WEBT)-63]

hi(DET,WET) =
phi( -WET) p=att{DET)

Ex: phi(20,157) = 0647 = 64.7%

Psychrometrics

Using Dr. Carrier's egn for partial pressure of water vapor :

P-|pw.] -{dbt — wht
[ (p s_l'“_b[] ( )

15274 — 1353-wht

Pa

W= | pw - -
pw={pwg)

In the above formula, pressures are in Pa, temps in deg.C

, P — psatt{wht))-(dbt — wht
lLe. pw{dbt, wht F) = | psatt{wht) — ( psati{wb) { wbt)
15274 - 1.5-wht

Ex:  pw(20,157,101325) = 15x 10° ..Pa

And, RH= 22
PWy
Therefore:  RH({dbt.wht.P) = pw(dbt. wht.F)
psatt dbt)

Ex: RH(20,15.7,101323) = 0.641 = 64 1%

...Pa
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Plot RH vs DBT for different "wet bulb depression (DBT-WBT)" values:
DET = 13.17.36  C....define a range variable

DET = EH(DET.DET - 1,101323) ERH{DET.DET - 2,101323) :EH(DBET.DET - 3,101323)
15 0.5899 0.801 0.706
17 0.904 0.812 0.723
18 0.909 0822 0.737
21 0.914 D83 0.75
23 0.913 0.833 0.762
25 0.921 0.845 0772
27 0.924 0.852 0.782
29 0.927 0.857 079
KN 0.93 0.862 0.793
a3 0.93z2 0.867 0.805
35 0.934 0.871 0.811
UNIVERSITY OF

) SURREY
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DET = EH{DET.DET — 4,101325) RH{DET,DET - 5,101323) EH{DET ,DET — 4,101325)
15 0.615 0.526 0.441
17 0636 0.553 0473
19 0.656 0577 0.501
21 0673 0583 0526
23 0.638 0.617 0.549
25 n.roz 0634 0.5649
27 0714 0.649 0.587
24 0725 0.663 0.603
31 0.735 0.675 0.617
33 0744 0686 0.631
35 0.753 0.697 0.643
DET = RHE(DBT.DBT - 7,101325) RE(DBT.DBT - 8,101325) RE(DBT.DBT - ©,101325) RE(DBT.DBT - 10,101325)
[15] 0.358 0.278 02 0.124
17 0.385 0.32 0.247 0.176
19 0.428 0.357 0.288 0.222
21] 0.457 0.38 0.325 0.262
23 0.483 0.419 0.357 0.298
25 0.506 0.445 0.386 033
27 0.526 0.468 0.412 0.355
29| 0545 0.489 0.435 0.784
X 0.562 0.508 0.456 0.407
33 0.577 0.525 0.475 0.428
35 0.591 0.541 0.493 0.446
Relative Humidity vs Dry bulb temp.
1
DETVET =1 ¢
0.9 1 N —____2lc .-
0.8 == I e e g T
07 F—— - e i =
Z I e [ D L=
g 06 —te——
= [ DR S e R
= 03 S B —— = —— 1= S ——
L= L — —_ -1 - L—
% | -- - I __F.___- d___'——”'ﬂf ____;'-C--""
= 04 p— —
e | — - ] L
i — _'_'_'_'_,_,_:-'—"' -.-_______--"'
03 [~ =
.,—o-"'"-'-ﬂf _-____-" -
02
0.1
0= - -
15 17 19 21 23 23 27 28 31 33 33

Dy Bulb Temp. (deg. C)
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Psychrometrics
13.Humidity from DBT and WET:

0.622- psatt{dbt)
P — psatt(dbt)-RH(dbt, wbt,P)

Wi(dbt,wbt,P) = RH(dbt, wbt,P)-

Ex:  WI1(20,15,101325) = 8.558 x 10"~ kg H20/kg. dry air

14. Humidity from DBT & RH:

0.622 psatt(DET) kg H20/kg dry air. P in Pa. temp (C)
P — ps=att{DET)-REH

ol(DBT.RH,P) = RH.

Ex.  al(20.0.6 101325 = 9326 x 10 ° kg H20/kg dry air

STEP INTO A WORLD
OF OPPORTUNITY

www.ecco.com/trainees

tfrainees@ecco.com
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15. WBT from DBT & RH:

WEBT =10 ©C..__trial valus
P=101325 Pa

Given

phi = RE(DBT, WBT.F)

WBT(DET, phi,P) = Find(WBT) ....Required Function
Ex: WBT(20,0.64,101325) = 15683 C

16. pw from w & P:

w-P
Pyl P) = W+ 0622 Pa . win kg H2O/kg dry air. P is atm. pressure in Pa

Ex: p(00152,101325) = 2417 x 10°  Pa

17. pw from DBT, WET & P:

@l(dbt, wht,F) P Pa __ dbt, whtin C, P is atm.
al{dbt, wht F) + 0.622 pressure in Pa

p_widbt, wht B) =
. = 5= s - 4
Ex: p_wi23.13.101325) = 4754 = 10 Pa

18. pw from DBT, RH & P:

@1(DET,RH.P)-P Pa__ DBTinC. P is atm.
ol(DET,RH.P) + 0.622 pressure in Pa

P_w(DBT,RH.P) =

Ex: P w(25.0.75.100000) = 2377 10° Pa
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Summary of Mathcad Functions to determine various Psychrometric properties:

Function Comments Example
_ sat. pr. of water (Pa) as a function of i 3
BSATI(T) temp (C), data from Steam Tables PSATT(23) = 3.16% = 10
_ sat. temp. of water (C) as a function of . o
TSATI(F) pressure (Pa), data from Steam Tables TSATP(1750) = 13.334
_ enthalpy of sat. water (kJ/kg) as _ -
HESATT(D) a function of temp (C), data from HFSATT(30) = 125.79
Steam Tables
HGSATT. enthalpy of sat. vapor (kJ/kg) as . . 3
(D a function of temp (C), data from HGSATT(30) = 2536 = 10
Steam Tables
) enthalpy vaporization of water (kJ/kg) as ) 3
HEGSATI(T) a function of temp (C), data from Steam HFGSATI(13) = 2466 < 10
Tables
sat. pr. of water (Pa) as a function of 3
tt
psatt(T) temp (C), from vap. pressure eqgn. psatt{20) = 2.339 % 10
tsatp(p) sat. temp. of water (C) as a function of tsatp(7384) = 40.001
pressure (Pa), from vap. pressure eqn.
4(pw. dbt) :f)lta;cic\;e humidity from pw(Pa) and $(2380,25) = 0.751

efficiency

delivery

As a leading technology company in the field of geophysical science, PGS can offer exciting
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Pw (Pa) from dbt (C) and RH, 3

Pwi{dbt, RH) P = 101325 Pa Pwi(20,0.5) = 1.16% « 10
) w, W ... Sp. humidity (kg. water vap/kg -3
“‘[P.-I-"“'}' W{dbt FEH_P) dry air) Wi20,03,101323) = 7262 = 10 3

ws ... sp. humidity at saturation, P is atm.

; : 3125200 = 7

ws(F_ dbt) pressure (Pa) ws{ 101325,20) = 0.0147
degree of saturation

mu{ dbt. RH.P) g uratt mu(20,0.5,101325) = 0.484

dpt(pw) dew point temp (C), pw in (Pa) dpt(1169.4) = 8147

dewpt(dbt, RE) dew point temp (C) as a function of dbt dewpt(20,0.75) = 15276
and RH

v(dbt RE_P) sp.vol. (mA3/kg of moist air), given in (20,0.5,101325) = 0.834

Psychrometric chart

density (kg/mA3 moist air), given in

tho(dbt . RE.F) Psychrometric chart

tho{20,0.5,101325) = 1.199

Enthalpy (kJ/kg) of water vapor

he(T) h,(23) = 23464 x 107
Enthalpy (kJ/kg) of dry ai
hd:}-aj:[r} nthalpy (kJ/kg) of dry air hd_t}-'aj_-r[zj} _ 25.195
Enthalpy (kJ/kg) of moist air } ) )
b hisel dbt. EH.F) by ais(20.0.3.101325) = 58527
RH when dbt and wbt are known . - - -
phi(DET, WET) phi{20,13.7) = 0.647
) ) Carrier’s eqn for partial pressure of 3
pw(dbt.wbt.F) water (Pa), from dbt and wbt pw(20,13.7,101325) = 1.3 = 10
; RH when dbt and wbt are known, P is
RH(dbt, wbt.F) atm. pr in Pa RH(20,15.7,101325) = 0.641
. Sp. humidity (kg H20/kg dry air) when ) ) - -3
W1{dbt, wbt, F) dbt and wb:,are known,Pisyatm. pr W1(20,15,101523) = 8.338 = 10 ’
in Pa
Sp. humidity (kg H20/kg dry air) when a2
@1(DBT.RH.F) dbt and RH are known, P is atm. pr in ©1(20.0.64,101525) = 9.326 = 10 ’
Pa

WBT (C) when DBT (C) and RH are

WBT(DBT. phi,P) known, P is atm. pressure in Pa WBT(25.4,0.6,101325) = 19.832

) Pw (Pa) from w (kgH20/kg dry air) and, 3
Pylw.F) P (Pa) p.(0.0152,101325) = 2417 x 107
Pw (Pa) from DBT (C), RH and P(Pa) 3
P_w(DET.RH.F) P_w(23,0.75,100000) = 2377 » 10
42
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Prob.7.2.2 The sling psychrometer in a laboratory test recorded following readings: dbt = 35 C; wbt =
25 C. Calculate the following: (i) sp. humidity (ii) relative humidity (iii) Vapor density in air (iv) dew
point temp (v) enthalpy of mixture/kg of dry air. Take total atmospheric pressure as 1.0132 bar.[M.U.]

Mathcad Solution:
Data:
dbt =35 C wht =25 C P=101325 Pa

Calculations:

Recollect that we have: Humidity from DBT and WET:

0.622- psatt{ dbt)

Wi(dbt,wbt,P) == RE(dbt,wbt,P)-
P — psatt{dbt)-RH(dbt, wbt,P)

(i) Sp. humidity:  Wi1{dbt,whbt P) = 0016 kg vap/ kg dry air .... Ans.
(i) Rel. humidity: RH(dbt,wbt,P) = 0446 = 44.6 %....Ans.

(iii) density of moist air: tho{ dbt RH{dbt wht P) P) = 1.135 kg moist air /m*3 ...Ans.

For density of vapor in mixture:
Vap. pressure: pw = pwidbt, wht P} pw =2313 = 1I:II3 Pa

4

Therefare: pa =P - pw pa=9881x 100 Pa .. partial pressure of dry air

And, density of dry air in mixture: tho, = — P2
37287 (dbt + 27%)

l.e.  rho, = 1.118 kg dry airfm*3 dry air

And, density of vapor air in mixture: tho = rtho,-W1(dbt,wht F)
e tho_ = 0018 kg. vap/kg. dry air ... Ans.
(iv) Dew point temp: dewpt{ dbt_ RH({dbt, wbt F)) = 21.020 deg. C.....Ans.
(v} Enth. of mixture: hy, i (dbt RE(dbt, whbt, P) P) = 73737 kJ/kg..... Ans.
43
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Prob. 7.2.3 Temp of air on a certain day is 30C and the RH is 70%. What is the sp. humidity and dew point

temp? If the air is cooled at const. pressure to 10C, what mass of water vapor would condense? [M.U.]

Mathcad Solution:

Data:

dbt =30 C phi=070 P:=101325 Pa

Calculations:

wht =20 trial value

Then: root{RH({dbt wht P} — phi,wht) = 23500 ....applying the root function
Therefore: wht == 25500 deg. C.... wet bulb temp.
And:

W1{dbt, wht P) = 0.0188 kg vap/kg dry air..sp. humidity.... Ans.

O
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dewpt( dbt, RH[ dbt, wbt,P)) = 23.821  deg. C..Dew point...Ans.

-
a

kg vap/kg dry air....sp. hum. at sat temp of 10C...
since on sat. line dbt = whbt

W1(10,10,P) = 7.63073 x 10~

Verify: at 10 C, sp. humidity is:

0.622-psate(10)
P - psatt{10)

1631 % 10" kg.vap/kg. dry air .... verified.

Therefore, water condensed:

Wi(dbt,wbt,P) — W1(10,10,P) = 0.01116 kg vap/ kg dry air...Ans

Prob. 7.2.4 Atmosphericair at 101.325 kPa has 30 CDBT and 15 C DPT. Without using the Psychrometric
chart, using property values from tables, calculate: (i) partial pressures of air and water vapor, (ii) sp.

humidity, (iii) RH, (iv) vapor density, and (v) enthalpy of moist air. [VTU]

Mathcad Solution:
Data:

dbt =30 C ... dry bulb temp Po= 101325 Pa... atm. pressure

dpt =15 C .. dew point temp

Calculations:

Recollect the following Mathcad Function we wrote earlier:

Dew point temp, deq.C: ... between 0 and 70 C:
dpt( pw) = [—35.95? - 18726-In{ pw) + 1.1689-[]11[131.1-}}:] ~..deg. C, pwinPa

Mow, we shall use this Function to find partial pressure of water, pw as follows:

Using the Solve block to find partial pressure of water, pw::
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Given
dpt(pw) = 13
pw = Find(pw)

e pw=1723x 107 Pa.... partial pressure of water vapor .... Ans.

Therefore, partial pressure of dry air:
pa=PF— pw

e, pa=996x 1[|-"1 Pa.... partial pressure of dry air.... Ans.

To find RH:

Agin, recallect the following Mathcad Function we wrote earlier:

Dew point temp, deq.C: ... between 0 and 70 C: ... in terms of DBT and RH:
dewpt(dbt, RH) = dpt(pw(dbt,RH)) C.

Using the Solve block to find RH::

th =03 __rel. humidity____ trial value

dbt =30 C

(iven
dewpt{dbt, th) = 13

Find(th) = 0.406

ie.  RH:=0406 =40.6% ..... Ans.
Sp. humidity:
We have: wl = w{P, pw)

le.  wl=0.011 kg. vaporikg dry air .... Ans.
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Density of vapor in mixture:

Density of dry air in mixture: tho, = S
287-(dbt + 273)

e, tho, = 1.145 kg dry airfm#3 dry air

And, density of vapor air in mixture: tho, = tho-wl

ie. tho . = 0.012 kg. vap/m*3 dry air ... Ans.

Enthalpy of moist air:
Recollect that enthalpy of moist air is the sum of enthalpies of dry air and associated water
vapar.:

h = 1.005-dbt + w1-(2300.9 + 1.52-dbt)

e h=37632 kilkg ... Ans.

Prob. 7.2.5 A room 6m x 4m x 4m contains air at 25 C and 1 atm at a RH = 80%.Determine: (i) partial

pressures of air and water vapor, (ii) sp. humidity, (iii) enthalpy of moist air per unit mass of dry air

(iv) masses of dry air and water vapor in the room. [VTU]

Mathcad Solution:

Data:

dbt =25 C _._. dry bulb temp P:=101323 Pa. .. atm. pressure

BH =08 .. relative humidity

Calculations:

Sat. vap. pressure of water:

pw, = psatt{dbt) =3 pwg = 3.169 x 107 Pa
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Therefore, vapor pressure at 25 C:

pw = RH- i

ie. pw = 2333w 10 Pa....partial pressure of water ... Ans.

Therefore, partial pressure of air at 25 C:

pa=PF— pw

4

e pa=0879x10 Pa....partial pressure of air ... Ans.

Specific humidity:
wi = 282w

P - pw

e, wl=0016 kg H20/kg dry air ... Ans.

4
Technical training on
WHAT you need, WHEN you need it

At IDC Technologies we can tailor our technical and engineering
training workshops to suit your needs. We have extensive OIL & GAS
experience in training technical and engineering staff and ENGINEERING
have trained people in organisations such as General

Motors, Shell, Siemens, BHP and Honeywell to name a few. ELECTRONICS

Our onsite training is cost effective, convenient and completely AUTOMATION &

customisable to the technical and engineering areas you want PROCESS CONTROL

covered. Our workshops are all comprehensive hands-on learning

experiences with ample time given to practical sessions and MECHANICAL

demonstrations. We communicate well to ensure that workshop content ENGINEERING
and timing match the knowledge, skills, and abilities of the participants.

INDUSTRIAL

We run onsite training all year round and hold the workshops on DATA COMMS

your premises or a venue of your choice for your convenience.
ELECTRICAL
For a no obligation proposal, contact us today POWER

at or visit our website
for more information:

Phone: +61 8 9321 1702
Email: training@idc-online.com TECHNOLOGIES
Website: www.idc-online.com \/

48 Click on the ad to read more

Download free eBooks at bookboon.com


http://www.idc-online.com/onsite/

Applied Thermodynamics: Software Solutions:
Part-IV (Psychrometrics, Reactive systems)

Psychrometrics

Enthalpy per unit mass of dry air:

Recollect:

Iy, i dbt, RE.P) = 1.005-dbt + W(dbt,RH,P)-(2500.9 + 1.82-dbf) kdlkg

hy oiep(dbt RH.P) = 65774 kJ/kg....Ans.

INasses of dry air and water vapor in the room:

Both dry air and vapor fill the entire room,
i.e_volume occupied by air and vapor is the same =6 x 4 x4 = 96 m*3.

V=05 m3

Apply Ideal Gas Law to determine the masses of dry air and vapor:

R, =287 JkgK .. Gas const. for air

T=dbt+ 27315 K

™ ie. R =461889 J/kgK . Gas const. for water vapor

Therefore:
pa-V ) z
m, = le.  m,=110832 kg...mass of dry air .... Ans.
R, T
pw W .
m = RT e, m_=1767 kg....mass of water vapor .... Ans.
-

Prob. 7.2.6 In a room, a sling psychrometer reads a dry bulb temp of 25 C and wet bulb temp of 15 C
Determine: (i) sp. humidity (ii) relative humidity, and (iii) enthalpy of air.

Mathcad Solution:

Data:

DET =

=]
LA

C WET =1

LA
[
52)
1
[y
=]
=t
Laa
[
Lh
T
[sh]
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Calculations:

Sp. humidity and Relative humidity can be determined with the Mathcad Functions written
earlier:

For sp. humidity:

0.622- psatt] dbt
W1(dbt. wbt,P) = RH( dbt, wht.P)- psatt(dbt)
P — psatt{dbt)-RH(dbt. wht.P)

For relative humidity:

& - T e
phi(DBT, WBT) — LPs2t(WETD) ~ (DBT - WEI)63]
psatt{DET)

Therefore:
S5p. humidity:

wl = WI1{DET,WET.F)

-
3

ie.  wl=648x 10 kg H20/kg dry air ..... Ans.

Relative humidity:
RH = phi(DBT,WBT)

ie. BH = 0332 = 33.9% .... Ans.

Enthalpy of air:

h =y ; (DBT.RH.P)

ie. h=42116 kJ/kg .... enthalpy of moist air ... Ans.
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Note: Refer to the section under Adiabatic saturation. For air at 1 atm, adiabatic saturation temp (T2)

can be taken as Wet bulb temp, and we can apply the equations given for w2 and w1 in that section:

T1=25 C..DBT T2=15 C__.WET ep=1005 klkgC P:=101325 Pa

We have:
0.622-pws2 cp-(12 - T1) + wl-hgy
wlm — wl= =
P - pws2 hgl — hi?
Therefore:
27. 2
Wl 0.622-psatt{T2)

P — psatt{T2)

e w2=0011 kg H20/kg dry air
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And:

. (T2 T1) + w2 HFGSATT(T2)
Wl =
HGSATT(T1) - HFSATT(T2)

e  wi=6524x10 0 kg H20/kg dry air

wl-P

(0.622 + wl)-P,y

Therefore: EHl=

wl-P
(0622 + wl)-psatt{T1)

B EH1 =

ie. BHI=0332 =233.2%..... verified.

Prob.7.2.7 For a hall to be air conditioned, following conditions are given:

Outdoor condition: 40 C DBT, 20 C WBT
Required comfort condition: 20 C DBT, 60% RH
Seating capacity of hall = 1500; Amount of outdoor air supplied = 0.3 m/3/person

If the required condition is achieved first by adiabatic humidification and then by cooling, estimate:

(i) capacity of cooling coil in Tons of Refrigeration (ii) capacity of humidifier (iii) condition of air after

adiabatic humidification. [VTU]
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Mathcad Solution:

Here, starting from state 1, first humidification is done adiabatically to state 2, and then cooling is done

to final state 3. Note that process 2=3 occurs at const. sp. humidity. See the schematic Psychrometric

chart below:

h1 = 56.482 I
-
hl = 42.264 - %
RH = 5 ;
60% 5

RH =
2 27.6%
w2 =w3

wri

a0 339C sc
DBT — &

Data:
DET1 =40 C WET1=20 C DET3 =20 C EHI =046

V=450 m*"3/min P:=101325 Pa R, =287 Jikg.C

Calculations:

Recaollect the Mathcad Function we wrote earlier for pw as function of dbt and wht:

(P — psatt{wht))-{dbt — wbt}:| Pa

widbt, wht F) = | psatt{wbt) —
pr{dbt. ) |:p (wbt) 15274 — 1.3-wht

Then:  p._, = pw(DBT1,WBTL.P)

e, pog=102x 107 Pa...partial pressure of water at state 1
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Therefore, partial pressure of air:

. R 5 . .
p,=P-py 18 p =1005x10 Pa....partial pressure of air

Therefore, mass flow rate of air:

PaV _
my=—————— e m, =302467 kg/min
R,-(DBTI + 273)

Sp. humidity at 1:

0.622-pioy .
e wl=6326x10 kg H20/kg dry air

wl =
F-pw
Moist air enthalpy at 1:

Recollect the Mathcad Function we wrote earlier for pw as function of dbt and pw:

#(pw.dbt) = — P

psatt] dbt)
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Therefore:
RHI1 = ¢ p,.DBT1) ie. RH1=0138 =13.8%...RHat1
hl =h_ . (DBT1 FHI.P) i.e.  hl= 356482 kJ/kg dry air

Condition of air immediately after adiabatic humidification, i.e. state 2:

Sp. humidity at 2 is equal to sp. humidity at 3, since in cooling from 2 to 3, sp. humidity
remains constant.

22.
ol{(DET.RH.F) =FH 0.622 psatt(DBT) ..Function for sp. hum. written earlier

P — psatt{DET)-FH

Therefore:
w3 = ol(DBT3.RH3 P) (e wi=8735x10 - kg H20/kg dry air
And,

-
a

wl=w3 Qe wl2=8735x10 - kg H20/kg dry air .... sp. humidity at 2,
after humidification

To find DBT at state 2:

We have: hl = 36482 kl/kg dry air

And, h? =hl ..since 1-2 is adiabatic humidification

ie. h2= 1.005-DET2 + w2-(2300.9 + 182-DET2)

(h2 — w2-2300.9)
1.005 + w2-1.82

Therefare: DET2 =

i.e.  DBT2=133927 C....dry bulb temp at state 2, after humidifying

i.e. Temp of air at state 2, immediately after adiabatic humidification is: 33.927 C.

Wet bulb temp at 2: this is equal to WBT1 = 20 C, since constant enthalpy lines in a
Psychrometric chart run parallel to constant wet bulb temp. lines.

ie. WET2 = WETI1
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To find RH at state 2:

Recollect the Mathcad Function written earlier:  RH = phi(DBT.WET)

Therefore:
RH2 = phi(DBT2, WBT2)

=3 BH2 = 0276 = 27.6 % ... relative humidity at state 2, after humidification.

Thus, conditions at state 2 are:

DBT2 = 33.927 C, WBT2 =20 C, RH2 = 27.6 % , w2 = w3 = (.008735 kg H20/kg dry air,
h2 = h1 = 56.482 kJ/kg of dry air ... Ans.

Then: Amount of H20 added in humidifier:
m_=wl-wl I8 m_=2409x 1IZI'_3 kg H20/kg dry air

Actual amount of water added:

My =m m, Ie M =121 kgH20 permin.... Ans.
Capacity of cooling coils:

Q=m,-(h - h3) kJimin
WMoist air enthalpy at 3:
h3 =h . (DBT3.RH3 P) e h3i=42260  kJikg dry air

Therefore, total cooling required, Q:
Q= ma-[hE - h3}) e, Q=T144x 1I]l3 kJfmin

And, cooling capacity in tons:

Qon = % _.since 1ton =211 kJ/min
e Q,=3385 tons of refrigeration ... Ans.
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Prob.7.2.8 We have one stream, 30 m~3/min of air at 15 C DBT and 13 C WBT mixed with 12 mA3/
min of air at 25 C DBT and 18 C WBT. Calculate DBT, sp. humidity of mixture. Take atm pressure as
101.325 kPa. [VTU]

Mixing
section |

Fig.Prob.7.2.8 Adiabatic mixing of two streams

Mathcad Solution:
Data:
DETL =15 C WETL =13 C DET2 =235 C WEBT? =18 C

V1=230 m*3/min V2 =12 m*3/min

Calculations:

For stream 1:

Recollect the Mathcad Function we wrote earlier for pw as function of dbt and whbt:

P — psatt{wbt))-{dbt — wht
pw{dbt_wht F) = | psatt{whbt) — ( psatt(wb)) { wbt) .Pa
15274 - 13-wht

Then: P = pw(DBT1, WETL.F)
ie  p.y=1366x10" Pa...partial pressure of water at state 1

Therefore, partial pressure of air:

4

Pal =P-pgy 18 pyy=09886x10 Pa....partial pressure of air
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And, mass flow rate of air:

Par V1 )
my=—————— e m =328
R,-(DBT1 + 273)
Sp. humidity at 1:
0622-p. s
wlm — b e, wl=8408x10 °

P- Pw1

Moist air enthalpy at 1:

Psychrometrics

kg/min

kg H20/kg dry air

Recaollect the Mathcad Function we wrote earlier for pw as function of dbt and pw:

$(pw, dbt) = P
psate(dbt)
Therefore:
RHI = §| pyy.DBTL) ie RH1=0801 =80.1%...RHat1
1 = hy,,i<(DBT1,RHL.P) e hl=363550  kJikg dry air
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Similarly, for stream 2:
Partial pressure of water for stream 2:

Py = pw(DBET2, WET1.F)

ie  p.y=1602x10" Pa...partial pressure of water at state 2

Therefore, partial pressure of air:

Py =P-pyy 18 pry=00872x 1|:||4 Pa....partial pressure of air

And, mass flow rate of air:

Pa [ 15992 kg/mi
My = —————— B m_~ = 13542 gimin
22~ R_.(DBT2 + 273) a2 =
Sp. humidity at 2:
0.622-p.n 3
w2 = % ie. wl=0004x10 ° kg H2O/kg dry air
P- Pw2

Moist air enthalpy at 2:

Recollect the Mathcad Function we wrote earlier for pw as function of dbt and pw:

$(pw. dbt) = m
Therefore:
RH2 = §( p».DBT2) le. RH2=03506 =50.6%...RHat2
h2 =h_ . (DBT2 RH1P) le.  hl=303574  kJd/kg dry air... at state 2

Now, for adiabatic mixing of two streams, we have:

Dry air mass balance: m_; +m_;=m_;

Water mass balance: MWy + MWy = M 3-W3
Energy balance: myy-hy + myyhy=m

ayh3

59

Download free eBooks at bookboon.com



Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems)

Then, we get:

My Wy~ W3 hy-hy
mgy  wiy—wyp o hy—hy

m,q-wl+ m_ w2
Therefore: w3 = al a2

mgq + mgy

e, w3=8914x10 " kg/kg... sp. humidity of mixture...

And, enthalpy of mixture is given by::

- mal-hl + Iﬂ.ﬂ']ﬂ
) mal + Iﬂ.a-z

e, h3=4046 kdlkg dry air .... enthalpy of mixture ... Ans.
To find T3, the DBT of the mixture stream:
We have: pw3 = p(w3.F) ...parial pressure of vapor at 3

e pwl = 1432 % 10’ Pa

Psychrometrics

Ans.,
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Mow, enthalpy of mixture is also given by:

h3 = 1.003-T3 + w3-(25009 + 1.82-T3)

kJikg dry air

Therefare:
g B3 26008-w3
1.005 + w3-1.82
ie. T3= 16916 C... DBT of mixture .... Ans.
7.3 Problems solved with Psychrometric chart:

Prob.7.3.1 Solve the above problem (i.e. problem 7.2.7) with Psychrometric chart:

Following are the steps:

1. We use the simplified Psychrometric chart published by Ureili [Ref: 14], shown below:

40

35

30

25

Simplified psychrometric chart at 1 atm total pressure

Fsychrometric chart
(separate wet bulb
temperature and
enthalpy lines)

[zzi Urieli - May 2008
: Enthal y

: : kd/kg dry air
Lo ............ ............ b 8-V

70

Spedfic volume rme g

085 087 080 :

25 40

20
Ory bulb temperature *C

35 45
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2. Locate state 1, i.e. DBT = 40 C, WBT = 20 C. Also, locate State 3, with DBT = 20 C, and
RH = 60%.

3. Proces 1-2 is adiabatic humidification. And 2-3 is cooling with constant sp. humidity. So,
from State 1, proceed along const. enthalpy line to State 2 to intersect const. sp. humidity

line from State 3, and the point of intersection is State 2. These processes are shown below:

A0 Simplified psychrometric chart at 1 atm total pressure
Psychrometric chart |
(separate wet bulb

termperature and
35 enthalpy ines)

I
o

35

|zzi Urigli - May 2008 5
SO B e et
. Enthalpy
: : kJikg dry air
o5k P SRR coeg i

Specific humidity (w) grams moisture / kilogram dry air

: . : ﬁ c volume m
* T —— H - = 5 : i ag :
e ey 085, 08 090 : .
0 5 10 15 20 25 a0 35 40 45 &0

Dry bulb temperature "C

4. From the chart, we read that:
RH1 = 14%, h1 = 57 kJ/kg dry air, vl = 0.9 m3/kg, wl = 6.5 g/kg dry air
Therefore, mass flow rate of air = m_= 450/0.9 = 500 kg/min.
RH2 = 26%, h2 = h1, and w2 = w3 = 9 g/kg dry air

RH3 = 60%, h3 = 42 kJ/kg dry air
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Note that these values from chart match very well with the calculated values obtained earlier.
Further, using the chart is very convenient.
Then, capacity of cooling coil, capacity of humidifier etc are calculated as earlier, i.e.

Cooling capacity = m_* (h2 - h3) = 500 * (57 - 42)/211 = 35.545 Tons of Refrigeration ... Ans.

Capacity of humidifier = ma * (w2 - wl) = 500 * (0.009 - 0.0065) = 1.25 kg H20/min.... Ans.

Prob.7.3.2 The dry and wet bulb temps of air at 1 atm are measured with a sling psychrometer and
determined to be 25 C and 15 C respectively. Find: (i) sp. humidity, (ii) relative humidity, (iii) enthalpy,
and (iv) sp. volume of air [VTU]

Solution:
Following are the steps:

1. We use the simplified Psychrometric chart published by Ureili [Ref: 14], shown above.
2. Locate state 1, i.e. DBT =25 C, WBT = 15 C:

A0 Simplified psychrometric chart at 1 atm total pressure

Psychrometric chart

(separate wet bulb : :

95 | Emperature and UTUUTRUUE SR
enthalpy lines) : :

40

[zzi Unieli - May 2008 5
M0 PR PR B RTRETRPRTS
' Enthalpy

: kJikg dry air
25 e e @ M

70

S P T =10
; hukniclity

O
P

Specific humidity («) grams moisture / kilogram dry air

; Spedific volume m
F0B5 0&er . 080 0
25 30 35 40 45 a0

Dry bulb temperature "C
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3. Read from the chart:

Sp. humidity = wl = 6.5 g/kg dry air .. Ans.

RH =34% ... Ans.

Enthalpy = 41 kJ/kg dry air ... Ans.

Sp. volume = 0.852 m"3/kg ... Ans.

Psychrometrics

Prob.7.3.3 An air conditioning system is designed under following conditions:

Outdoor conditions: 30 C DBT, 75% RH

Required Indoor conditions: 22 C DBT, 70% RH

Amount of free air circulated: 3.33 mA3/s

Coil dew point temp: 14 C

EXPERIENCE THE POW
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RUN FASTER.
RUN LONGER..
RUN EASIER...
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The required condition is achieved first by cooling and dehumidification and then by heating. Estimate:
(i) capacity of cooling coil in Tons of refrigeration (ii) capacity of heating coil in kW (iii) amount of

water vapor removed in kg/h. [VTU]

Solution:
This problem is solved very conveniently with Psychrometric chart:
Following are the steps:

1. We use the simplified Psychrometric chart published by Ureili [Ref: 14], shown below:

.0 Simplified psychrometric chart at 1 atm total pressure

Psychrometric chart
(separate wet bulb
35 L. temperature and
enthalpy lines)

I
[}

oa
t

lzzi Urieli - May 2008 :

|0k _. ........... ............ ._ ......
: © Enthalpy
: : kJfkg dry air
251 B RPN g W

[
o

[\]
4]

70

— —t %]
] m ]

Specific humidity (c) grams moisture / kilogram dry air

/

e T
- Spedfic volurne rm=1Tg

083 *0B3. ©  0B7 . 080
20 25 30 35 40 45 50
Ory bulb temperature "C

2. Locate state 1, i.e. DBT = 30 C, 75% RH. Also, locate State 2, with DPT = 14 C. And state 3
is the required indoor condition with DBT = 22 C, 70% RH
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3. Connect proces 1-2 Draw the constant sp. humidity line through point 3 to cut the line
1-2 at point 4. So, 1-4 represents the cooling with dehumidification, and 4-3 is the heating

process. These processes are shown below:

i Simplified psychrometric chart at 1 atm total pressure

Psychrometric chart
(separate wet bulb
a5 | temperature and
enthalpy lines)

40

[zzi Urieli - May 2008 :
|8 Y L e e TR AT
: Enthalpy
; : kJikg dry air
25 L. . o B wogE W

)]

Specific humidity («) grams moisture / kilogram dry air

087
35

Dry bulb temperature "C

4. From the chart, we read that:
h1 = 80 kJ/kg dry air, vl = 0.887 m3/kg, wl = 20 g/kg dry air
Therefore, mass flow rate of air = m_ = 3.33/0.887 = 3.754 kg/s
h4 = 44 kJ/kg , and w4 = w3 = 12 g/kg dry air, h3 = 50 kJ/kg dry air

5. Therefore:
Capacity of cooling coils = ma * (h1 - h4) = 8109 kJ/min = 38.431 TOR ... Ans.
Capacity of heating coils = ma * (h3 - h4) = 22.524 kW ... Ans.

Amount of water vapor removed = ma * (wl - w4) = 108.115 kg/h .. Ans.

Prob.7.3.4 A mixture of air and water vapor enters an adiabatic saturator at 35 C and leaves at 25 C at

1 atm pressure. Determine: (i) sp. humidity (ii) RH, and (iii) dew point of the entering air. [VTU]
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Solution:

Remember that in an adiabatic saturation process, air at the exit is saturated, i.e at exit RH = 100%.

Following are the steps:

1. We use the simplified Psychrometric chart published by Ureili [Ref: 14], shown above.

2. Locate exit state of adiabatic saturator first, i.e. DBT = 25 C, 100% RH, i.e. on the saturation
line. Proceed on the const. enthalpy line (i.e. parallel to const. wet bulb temp line) to meet
the vertical line at DBT = 35 C. This is State 1.

Simplified psychrometric chart at 1 atm total pressure

4I:I T T T T 4I:I
Psychrometric chart : .
(separate wet bulb (]
g5 L | temperatreand [ A T T Py
enthalpy lines) =]
£
Izzi Urieli - May 2008 : o
- - - . o
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: : kJikg dry air E
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; 0
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20k b e, KT : 0
: B0 : E
. : : . o
: 5 : : [=7]
15k SRR EI ......... L E20TE P e )
4|:| : ! . [ty
: : : : =
| 5 ; =
10F--- 3':' ........... ERERRRPRY: ERETERTr E
on /1 T : ' z
2
° ] 5
5 Ll e e T e T e T 5 9
[N
; - . : 1)

T FO———"" - =
0 ————"079—0813 083 0B5_ | . . .
0 5 10 15 20 25 20 35 40 45 50

Ory bulb temperature "C

3. Read from the chart:

Sp. humidity = wl = 16 g/kg dry air ... Ans.

RH =42% .... Ans.

Dew point temp = DPT = 21.5 C ... Ans.
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Prob.7.3.5 Sat.air leaving the cooling section of an air conditioning system at 14 C DBT at a rate of 50
mA3/min is mixed adiabatically with the outside air at 32 C DBT and 60% RH at a rate of 20 m”3/min.
Assuming that mixing process is adiabatic at a pressure of 1 atm, determine the sp. humidity, RH, DBT

and volume flow rate of mixture. [VTU]

Solution:

We shall solve this problem with Psychrometric chart.

Following are the steps:

1. We use the simplified Psychrometric chart published by Ureili [Ref: 14], shown above.

2. Locate the State 1, i.e. state of saturated air first, i.e. DBT = 14 C, 100% RH, i.e. on the
saturation line. Then locate State 2, i.e. the state at DBT = 32 C, RH = 60%. Connect States 1
and 2. Final State 3, will be located on this line 1-2. To find State 3, proceed as follows:
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GLOBAL ASSIGNMENTS OW FASTER

SENJOR CLIENT CONTACT OW FASTER

BENEOR-C1 ] L
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Some people know precisely where they want to go. Others seek the adventure of
discovering uncharted territory. Whatever you want your professional journey to be,

E%#E Oliver Wyman is a leading global management consulting firm that combines you'll find what you're looking for at Oliver Wyman.
: \qF  deepindustry knowledge with specialized expertise in strategy, operations, risk
anag , org al tra ion, and leadership development. With Discover the world of Oliver Wyman at oliverwyman.com/careers
[l offcesin50+ciies across 25 countries, Oliver Wyman works ith the CEOs and
executive teams of Global 1000 companies
DISCOVER An equal opportunity employer. MARSH & MCLENNAN
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From the chart:

wl = 10.5 g H20/kg dry air, h1 = 41.5 kJ/kg, vl = 0.83 mA3/kg
Therefore, m = 50/0.83 = 60.241 kg/min
w2 = 17.5 g/kg dry air, h2 = 76.5 kJ/kg, v2 = 0.887 m~3/kg

Therefore, m , = 20/0.887 = 22.548 kg/min

Simplified psychrometric chart at 1 atm total pressure

40 T ! T ;
Psychrometric chart :
(separate wet bulb
g5l | tEemperatreand | T T T
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_o—""'-'-'_’ -
F————=070——081] *085_ ¢ | 0&7
0 EBEee——— 1 L L
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Dry bulb temperature *C

And, m, =m_ + m, = 82.789 kg/min .... Total mass flow rate of mixture

Now, for adiabatic mixing, we have:

myp W w3 hy-hy

my W3- Wy hy-hy

Solving, w3 = 12.406 kg H20/kg dry air, h3 = 51.032 k]J/kg

Note that w3 and h3 fix the State 3, on the line joining State 1 and State 2.
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Then, from the Psychrometric chart, we read:
RH = 89% ... Ans.

DBT =20C.... Ans.

w3 = 12.406 kg H20/kg dry air ... Ans.

v3 = 0.846 m~"3/kg

Therefore, volume flow rate of mixture = m_, * v3 = 82.789 * 0.846 = 70.039 m”3/min ... Ans.

Prob.7.3.6 Air enters at 32 C and RH of 70% in a summer air conditioning system where the air is
cooled and then dehumidified. The air leaving the cooling coil is saturated at the coil temp. It is then
heated to comfort condition of 24 C and 50% RH. Sketch the flow diagram of the system and represent
the various processes in the Psychrometric chart. Determine: (i) temp of cooling coil, (ii) amount of
moisture removed per kg of dry air in the cooling coil, (iii) heat removed per kg dry air in the cooling
coil, and (iv) heat added per kg dry air in the heating coils. [VTU]

Solution:

We shall solve this problem with Psychrometric chart.

Following are the steps:

1. We use the simplified Psychrometric chart published by Ureili [Ref: 14], shown above.

2. Locate the State 1, i.e. state of entering air, i.e. DBT = 32 C, 70% RH. It is cooled (with
const. sp. humidity) till it reaches the sat. state 2, and then cooling proceeds along the sat.
line to state 3, which is decided as follows:

3. To fix State 3, first locate State 4, i.e. the final state with DBT = 24 C and RH = 50%. Since
heating is with const. sp. humidity, proceed horizontally to left, and cut the sat. line at point 3.

4. States 1, 2, 3 and 4 are shown in the Psychrometric chart below:
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A0 Simplified psychrometric chart at 1 atm total pressure

Psychrometric chart
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From the chart, we read:

wl = 21.5 g H20/kg dry air, h1 = 85 kJ/kg, vl = 0.89 m~3/kg

w2 =wl, h2 = 80 kJ/kg

w3 =9.5 g H20/kg dry air, h3 = 37 kJ/kg, T3 =13.5 C

w4 = w3 = 9.5 5 kg H20/kg dry air, h4 = 47 kJ/kg

Therefore:

Temp. of cooling coil = T3 =13.5C... Ans.

Amount of moisture removed in cooling coil = (wl - w3) = 12 g/kg dry air ... Ans.

Amount of heat removed in cooling coil per kg dry air = (h1 - h3) = 48 kJ/kg dry air .... Ans.

Amount of heat added per kg dry air = (h4 - h3) = 10 kJ/kg dry air .. Ans.
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7.4 Problems solved with EES:

Note 1: EES has built-in Functions for Psychrometric properties. This makes it very convenient to make

Psychrometric calculations with EES.
To access the psychrometric Functions, choose AirH2O as the substance in EES. To do this:

1. In EES, go to Options — Function Info:

(8o Calculate Tables Plots Windows Help Examples

Variable Info Fa fut
Function Info Ctrl+Alt+F

Unit Conversion Info

Constants
T Uriit System Ctrl-+Alt+U
DBET = 30" Stop Criteria Cirl+Alt+5
Default Info

DPT =15 "C"

"Calculations:!  Preferences

"Tofing parigl  Puroe Unused Variables nd the sp. humidity,

2. Clicking on Function Info gives following window. Here you choose Fluid Properties and

AirH2O radio buttons as shown:

Function Information

" Math and string functions " EES library routines
* Fluid properties " External routines

" Solidfliquid properties

" Heat Transfer

" Mechanical Design

~

- . " Real fluids @ AwH20 ( Brines .
“? Function Inf P Fluid In
¢ Function Info © Ideal gases * NASA [ uid Info

CompresszibilityF actor ~
Conductivity ['w/m-K]

Cp [kd/kgK]

Cv [kJ/kgK]

Density [kg/m3]

DewPoint [C]

Enthalpy [kJ/kg]

Entroj kdfkg-K

(] (] v_
Independent Properties
|Temperature IC] j |Dewpninl IC] j
! Ex: |umega[1 ]J=HumR at{AirH 20, T=T[1].D=DP[1].P=P1] |[1 1
CE Paste
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Now, all Psychrometric Functions are available for use in calculations.

Note 2: Pssychrometric chart is easily drawn in EES. To do this:

Go to Plots Menu and choose ‘Property Plots’:

File Edit Search Options Calculate Tables BEBiEM Windows Help Examples

=g é ew Ple » B | B B B (A =] =IEE
- _ - = Overlay Plot - - _
£ Equations Window 0
| Show Tool Bar

Day one

| and you're ready

ay one. It's the moment you've been waiting for. When you prove your
worth, meet new challenges, and go looking for the next one. It's when
your dreams take shape. And your expectations can be exceeded. From
the day you join us, we're committed to helping you achieve your potential.
$o, whether your career lies in assurance, tax, transaction, advisory or
core business services, shouldn't your day one be at Ernst & Young?

What's next for your future?
ey.com/careers

\ 2l ERNST & YOUNG

Quality In Everything We Do

D 2010 EYGM Limited. All Rights Reserved
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Clicking on Property Plot brings up the following window. Choose AirH20 as shown:

Property Plot Information

? Fluid Info

<] Include lines of

wh=10  [Cl
wh=15  [C]
wh=20  ['C]
wh=25 [Tl
wb=30 [Tl
wh=35 [Cl

T Presszure

Air 1.3 [kPa] J oK
Air_ha

Ammonia Tempeiafure x Cancel
Ammonia_mh from (0.0 [‘'C]

Ar

Argon to 40,0 ['C]

Benzene

C2H2 5 [ Molher format

[¥] Include lines of

v v=08  [mikel
v v= (0825  [m3/ka]
v v=085  [m3kel
v= 0875  [m3’kg]
v= 09  [mdka]
y= (0925 [m3/kg]

< <«

v Show lines of constant rel. humidity

Psychrometrics

We can include the lines of const. wet bulb and const. sp. volume, as we choose. Accept the default at

the moment. Click OK. We get:

0.050 AirH20
I Pressure = 101.3 [kPa]
0.045¢ -
0.040 1
B
- 0.035 L f’o.s J
[ L B
o st 0°C A
:.g‘ 0.025¢ 97_; 08 ]
=) -
E 0020 AL . .
3 ) ’-:5% 0.4
T 0015t 20°C ' i
0.010 - 7
' I 10°C ‘ " ’%2 ‘ 02
0.005 | =% i 1
| i_——”_—#q?—————*”_’# ‘-‘ "
4
OOOO 1 | 1 | | 1 I
0 5 10 15 20 25 30 35 40
T[°C]

We can draw the Psychrometric processes on this chart, as shown later while solving problems.
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“Prob.7.4.1 Atm. air at 101.325 kPa has 30 C DBT and 15 C DPT. Calculate: (i) partial pressures of air
and water vapor, (ii) sp. humidity, (iii) RH, (iv) vapor density, and (v) enthalpy of moist air [VTU]”

EES Solution:
“Data:”

P =101.325 “kPa”

DBT =30 “C”
DPT =15 “C”
“Calculations:”

“To find partial pressure of H20 at DBT = 30 C, first find the sp. humidity, omega:”

“sp. humidity, omega:”

omega=HumRat(AirH20,T=DBT,D=DPT,P=P) “kg H20/kg dry air”

“partial pressure of water vapor in air, p_w”

omega = 0.622 * p_w / (P - p_w) “....finds the partial pressure of water vapor in air, kPa”

“partial pressure of air, p_a:”

p_a =P - p_w “.partial pressure of air, kPa”

“Relative humidity:”

rh=RelHum(AirH20,T=DBT,D=DPT,P=P)“...finds rel. humidity”

“Vapor density, rho_w”

R_w = 8.314/18 “kJ/kg.K ..... Gas constant for water vapor”

rho_w =p_w/ (R_w* (DBT + 273)) “kg/mA3 .... vapor density”

“Enthalpy of moist air”

h = Enthalpy(AirH20,T=DBT,D=DPT,P=P)“k]/kg”
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Results:

Unit Settings: 51 C kPa kJ mass deqg

DET =30 [C] DPT =15 [C] h =57.42 [kJ/kg]
o = 0.01065 [kglkg] P =101.3 [kPa] fa= 99,62 [kPa]
b = 1.705 [kPa] th = 0.4017 [ o = 007219 [kg/m3]

Ry = 0.4619 [kdfkgK]

Thus:

Partial pressure of air = p_a = 99.62 kPa ... Ans.

Partial pressure of water vapor = p_w = 1.705 kPa .... Ans.
Sp. humidity = omega = 0.01065 kg H20/kg dry air ... Ans.
RH =0.4017 = 40.17% .... Ans.

Vapor density = rho_w = 0.01219 kg/mA3 ... Ans.

Enthalpy of moist air = h = 57.42 kJ/kg .... Ans.
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$UnitSystem SI kg kPa C

Psychrometrics

“Prob.7.4.2 A room measures 5m X 5m x 3 m. It contains atm air at 100 kPa, DBT = 30 C and RH =

»

30%. Find the masses of dry air and the associated water vapor.[VTU]

EES Solution:
“Data:”

Vol = 75“mA3”

P = 100“kPa”

DBT = 30“C”

RH=0.3

R_a =0.287 “kJ/kg.K ... gas constant for air”

R_w = 8.314/187kJ/kg.K....gas constant for water vapor”

“Calculations:”

“We have to first, find out the partial pressures of water vapor and air”

“So, we find the sp. humidity from built-in function of EES:”

omega =HumRat(AirH20,T=DBT,r=RH,P=P)“kgH20/kg dry air”

“Then, partial pressure of water vapor:”

omega = 0.622 * p_w /(P - p_w) “...finds p_w, kPa”

3

p_a =P - p_w “..partial pressure of dry air ....KPa”
“Mass of water vapor:”

m_w = p_w * Vol / (R_w * (DBT + 273))“kg”
“Mass of dry air:”

m_a=p_a*Vol/ (R a* (DBT +273))kg”
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Results:

Unit Settings: 51 C kPa kJ mass deq

DBT =30 [C] Mg = 8515 [kg] My = 0EE2E ko]
g = 0008025 ko] F =100 [kFa] fg= 9873 [kPa)
Ry =1.274 [kPa] FH=03[] Ry =0.287 [kdfko-k]
Ry = 04619 ko] Yol = 75 [m3]
Thus:

Mass of water vapor = m_w = 0.6826 kg .... Ans.

Mass of dry air = m_a = 85.15 kg ... Ans.

“Prob.7.4.3 A summer air conditioning system for hot and humid weather (DBT = 32 C, RH = 30%)
consists in passing the atmospheric air over a cooling coil where air is cooled and dehumidified. The air
leaving the coil is saturated at the coil temp. It is then sensibly heated to the required comfort condition
of 24 C and 50% RH by passing it over an electric heater and then delivered to the room. Sketch the
processes on a psychrometric chart and determine: (i) temp of cooling coil, (ii) amount of moisture
removed per kg of dry air in the cooling coil, (iii) heat removed per kg of dry air in cooling coil, and
(iv) heat added per kg dry air in heating coil. [VTU]”

EES Solution:

This problem is the same as Prob.7.3.6 which was solved with Psychrometric chart.

But, now we shall solve it with EES:

Let the ambient condition be State 1, condition at exit of cooling coils be State 2, and final condition
be State 3.

Heating from State 2 to State 3 occurs at const. sp. humidity.i,e. w2 = w3.

“Data:”

P[1] = 101.325 “kPa”
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P[3] = P[1]

T[1] = 32“C”

RH[1] = 0.7

RH[2] =1 “..since saturated”
T[3] = 24“C”

RH[3] =0.5

“Calculations:”

omega[l]=HumRat(AirH20,T=T[1],r=RH[1],P=P[1])“sp. humidity ... kg H20/kg dry air”
omega[3]=HumRat(AirH20,T=T[3],r=RH[3],P=P[3])“sp. humidity ... kg H2O/kg dry air”

omega[2] = omega[3]“sp. humidity ... kg H2O/kg dry air”
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If you too share a passion for discovery and innovation we will give you the tools and

opportunities to provide you with a challenging career. Are you a great scientist who %’@; apﬂ_g
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enjoy a career within Unilever Research & Development. For challenging job opportunities, 0@’:}4@2‘?‘
please visit www.unilever.com/rdjobs. Unilover-
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T[2] =DewPoint(AirH20,r=RH|[2],w=0mega[2],P=P[2])“C .... since the air is saturated while leaving

the coils”

h[1]=Enthalpy(AirH20,T=T[1],w=0mega[1],P=P[1]) “k]/kg dry air”
h[2]=Enthalpy(AirH20,T=T[2],w=0mega[2],P=P[2]) “k]/kg dry air”
h[3]=Enthalpy(AirH20,T=T[3],w=0mega[3],P=P[3]) “k]J/kg dry air”
moisture_removed = omega[l] - omega[2] “kg H20/kg dry air”
q_coolingcoil = h[1] - h[2] “kJ/kg dry air”

q_heatingcoil = h[3] - h[2] “k]/kg dry air”

Results:
Unit Settings: 51 C kPa kJ mass deq

PAOIStUr e emayved = 0.01184 [ko/fka] Qeoolingeoil = 49.83 [kdfkg]
Hheatingzoil = 11.32 [kdfhd]

Thus:

Moisture removed in cooling coils = 0.01184 kg/kg dry air .... Ans.

Heat removed in cooling coils = 49.83 kJ/kg dry air .... Ans.

Heat supplied in heating coils = 11.32 kJ/kg dry air ... Ans.

Draw the Psychrometric chart by selecting ‘Plots — Property plots’ for AirH20.
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On that chart, overlay the (omega vs T) graph, to get the process lines 1-2 and 2-3:

Humidity Ratio
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AirH20

Pressure

=101.3 [kPa]

Prob.7.4.4 1t is required to design an air conditioning plant for an office room with the following
conditions: Outdoor conditions: 14 C DBT, 10 C WBT; required conditions: 20 C DBT, 60% RH. Amount
of air circulation: 0.3 m/3/min/person. Seating capacity of office: 60. The required condition is achieved

first by heating and then by adiabatic humidifying. Determine: (i) heating capacity of coil in kW and the

surface temp required if the bypass factor of coil is 0.4, (ii) capacity of humidifier. [VTU]

Heating coils

Adr

®

Fig.Prob.7.4.4. Heating and humidifying
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EES Solution:
“Data:”

P1 =101.325“kPa”

T[1] = 14°C”

wb[1] = 10“C....wet bulb temp”

T[3] = 20°C”

rh[3] = 0.6

Vol = 18 “mA3/min .... air circulation rate”

BF = 0.4 “Bypass Factor of heating coils”

360°
thinking.

Deloitte.
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“Calculations:”

omega[l]=HumRat(AirH20,T=T[1],B=wb[1],P=P1)“kg H2O/kg dry air”

omega[2] = omega[1]“...since heating is at const. sp. humidity”

omega[3] = HumRat(AirH2O,T=T[3],r=rh[3],P=P1)“kg H20/kg dry air”

wb[3]=WetBulb(AirH20,T=T[3],r=rh[3],P=P1)“C....wet bulb temp at state 3”

wb[2] = wb[3]”...since heating from state 2 to state 3 is adiabatic”

rh[1]=RelHum(AirH20,T=T[1],B=wb[1],P=P1)

“Therefore:”

h[1]=Enthalpy(AirH20,T=T[1],B=wb[1],P=P1)“k]/kg .... enthalpy at State 1”

h[3]=Enthalpy(AirH20,T=T[3],r=rh[3],P=P1)“k]/kg .... enthalpy at State 3”

T[2]=Temperature(AirH20,h=h[2],w=0mega[2],P=P1)

v[1]=Volume(AirH20O,T=T[1],r=rh[1],P=P1)“mA3/kg .... sp. vol. of air at state 1”

m_a = Vol/v[1]“kg/min of dry air”

“Heating capacity of coil:”

Q_heating = ( m_a/60) * (h[2] - h[1])“kW”

“Capacity of humidifier:”

m_w_humidifier = m_a * 60 * (omega[3] — omega[2]) “kg / min”

“Temp of Heating coil:”
“By definition:

Bypass Factor = (Temp of coil - exit temp of air from heater) / (Temp of coil - inlet temp of air

to heater)”

BF = (T_heater — T[2]) / (T_heater - T[1]) “...finds T_heater”
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Results:

Unit Settings: 51 C kPa kJ mass deq

BF =04
P1 =101.3 [kPa]
Yol =18 [m3]

Thus:

Heating capacity of heater coils = Q_heating = 4.778 kW .... Ans.

my = 21.82 [kg]

My hurnidifier = 2.613 [kath]

Qheating =4.778 [kw]

Theater = 35.42 [C]

Temp of cooling coils, when Bypass Factor is 0.4 = T_heater = 35.42 C .... Ans.

Humidifier capacity = m_w,humidifier = 3.613 kg/h ... Ans.

Draw the Psychrometric chart by selecting ‘Plots — Property plots’ for AirH20.

On that chart, overlay the (omega vs T) graph, to get the process lines 1-2 and 2-3:

0.050

AirH20

0.045
0.040
0.035

0.030
0.025

0.020 -
0.015

Humidity Ratio

0.010
0.005

0.000

Pressure = 101.3 [kPa]

0
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“Prob.7.4.5 Sat. air at 2 C is required to be supplied to a room where the temp must be held at 20 C
and RH of 50%. The air is heated and then water at 10 C is sprayed in to give the required humidity.
Determine the temp to which the air must be heated and the mass of spray water required per mA3 of

air at room conditions. Assume that the total pressure is 1.013 bar. [VTU]”

EES Solution:

Heating coils Humidifier

—> —>

Adr

® @ o

Fig.Prob.7.4.5 Heating and humidification
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“Data:”

P1 = 101.325“kPa”

T[1] =2“C”

rh[1] =1 “..since saturated”
T[3] = 20“C”

rh{3] = 0.5

“Calculations:”

h[3]=Enthalpy(AirH20,T=T[3],r=rh[3],P=P1)“k]/kg dry air”
omega[l]=HumRat(AirH2O,T=T[1],r=rh[1],P=P1)“kg H20/kg dry air”
h[1]=Enthalpy(AirH20,T=T[1],r=rh[1],P=P1)“k]/kg dry air”

v[3]=Volume(AirH20,T=T[3],r=rh[3],P=P1)“m~/3/kg dry air ... sp. vol. of air at room conditions of
State 17

omega[2] = omega[1]”....since heating is at const. sp. humidity”

h[2] + (omega[3] — omega[2]) * Enthalpy(Water,T=10,x=0) = h[3] “.energy balance for humidification”
T[2]=Temperature(AirH20,h=h[2],w=0mega[2],P=P1)“..finds DBT at State 2”
omega[3]=HumRat(AirH20,T=T[3],r=rh[3],P=P1)“kg H20/kg dry air”
rh[2]=RelHum(AirH20,T=T[2],w=0mega[2],P=P1)“...RH at State 2”

“Mass of spray water, m_w:”

m_w = (omega[3] - omega[2]) / v[3] “kg per m/3 of air at room conditions”

Results:

Unit Settings: 51 C kPa kJ mass deq
My, = 0.003455 [ko/m>of room-air] F1 =101.3 [kFa]
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Part-1V (Psychrometrics, Reactive systems) Psychrometrics
And:
Feg Arrays Table
b it l
1 i ] &= 4 = [
Sort oj rh; Ti i Y
[ka/kg] [C] [k/kg] [m=/kg]

[1] 0.004359 : 1 2 12.94

[2] 0.004359 0.1961 2714 38.44

[3] 0.007262 0.5 20 38.56 0.8401

Thus:

Temp to which air is heated = T[2] =27.14 C .... Ans.

Mass of air condensed per m/3 of room air = m_w = 0.003455 kg/m/3 of room air .... Ans.

Note: Above calculation to determine T[2] would involve tedious trial and error calculations, if you
do it by hand using property tables. But, with EES it is solved effortlessly.

The Wake
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Processes of heating and humidifying are shown on the Psychrometric chart as follows:

AirH20
0.050 —

T T T T T T
I Pressure =101.3 [kPa]

0.045 1

0.040
0.035} A
0.030

0.025| > s ]

b
d

0.020
0.015

Humidity Ratio

0.010
0.005

0.000 == - - - - - -
0 5 10 15 20 25 30 35 40

“Prob.7.4.6 A stream consisting of 145 m~3/min of moist air at a temp of 5 C and humidity ratio of 0.002
kg H20/kg dry air is mixed adiabatically with a second stream consisting of 420 m/~3/min of moist air
at 24 C and 50% RH. The pressure is constant throughout at 1.01325 bar. Determine: (i) humidity ratio

of mixture (ii) temp of mixture. [Ref: 3]”

?\[itung. :@

section i

Fig.Prob.7.4.6 Adiabatic mixing of two air streams
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EES Solution:
“Data:”

P1 =101.325 “kPa”

Vol[1] = 145 “mA3/min”

Vol[2] = 420 “mA3/min”

T[]_] — 5 “C”

omega[1] = 0.002 “kg H20/kg dry air for stream 1”

T[2] = 24 “C”

rh[2] = 0.5

“Calculations:”

h[1]=Enthalpy(AirH20,T=T[1],w=0mega[1],P=P1)“k]/kg dry air ... for stream 1”

h[2]=Enthalpy(AirH20,T=T[2],r=rh[2],P=P1)“k]/kg dry air .... for stream 2”

v[1]=Volume(AirH20O,T=T[1],w=0mega[1],P=P1)“...sp. vol. of moist air/kg dry air ... for stream 1”

m_al = Vol[1]/v[1] “...kg / min .... stream 1”

v[2]=Volume(AirH20,T=T|[2],r=rh[2],P=P1)“...sp. vol. of moist air/kg dry air ... for stream 2”

m_a2 = Vol[2]/v[2] “...kg / min .... stream 2”

omega[2]=HumRat(AirH20,T=T[2],r=rh[2],P=P1)“kg H20/kg dry air for stream 2”

“Mass balance for dry air:”

m_al + m_a2 = m_a3“.finds mass of dry air in mixture stream”

“Mass balance for water vapor:”

m_al* omega[l] + m_a2 * omega[2] = m_a3 * omega[3]“..finds omega[3]”
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“Enegy balance:”

m_al *h[1] + m_a2 * h[2] = m_a3 * h[3] “..finds h[3], the enthalpy of mixture stream”

h[3]=Enthalpy(AirH20,T=T[3],w=0mega[3],P=P1)“..finds the temp T3] of mixture stream”

Solution:

Unit Settings: 51 C kPa kd mass deq

Mgl =183.4 [ko'min] Mgz =491.6 [komin] gz =675 [kgdmin] F1 =101.3 [kFa]
And:
E Arrays Table
(LETgl l
1 [ = B = 4 B 5 lad
Sort a; rh Ti hi v
[kg/kg] [C] [kd/kg] [m3/kg]

[1] 0.002 5 10.05 @ 0.7905 !

= —— . 5 e 08543

[3] 0.007316 18.89 37.56

Thus:

Humidity ratio of mixture stream = omega[3] = 0.007316 kg H20/kg dry air .... Ans.

Temp of mixture stream = T[3] = 18.89 C ... Ans.

20
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Process of mixing is shown on the Psychrometric chart as follows:

AirH20
0.050 . - . : . ; .
Pressure = 101.3 [kPa]
0.045+ .
0.040 .
35°C
0.035¢ ~ 08
-
n L '¢S\ )
:E 0.030 we f \<
X 0.025} 2 E
-
= 25°C i
5 0.020+ - S . A
E 0015} o ' o
5 O
I 0.010l 15°C 3!’“?%\ 9 * |
' 10°C__ e 7 ’”.2%' “ 0.2
0.005¢ o ]
E‘Liﬁ?———“’“ﬁ =\, “
0.000 ' L ! - . . . 4
0 5 10 15 20 25 30 35 40
T [°C]
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(b) Plot the exit temp T[3] vs volume flow rate of stream 2, ranging from 0 to 1400 m/3/min:

First, compute the Parametric Table:

: - hd

b Val, T,

115 [m2/min] [C]
Fun 1 0 5
Run 2 100 12.46
Run 3 200 15.72
Run 4 300 17 54
Run & 400 18.7
Run 6 500 19.51
Run 7 600 20.11
Run & 700 20.56
Run 9 500 20.92
Run 10 900 21.21
Run 11 1000 21.46
Run 12 1100 21 66
Run 13 1200 21.83
Run 14 1300 21.98
Run 15 1400 22 11

Now, plot the Results:

25

Temp of mixture stream vs vol. flow rate of stream 2

20

15

T[3], C

4
0 200 400 600 800 1000 1200 1400 1600
Vol [2], m"3/min
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“Prob.7.4.7 A wet cooling tower is to cool 40 kg/s of water from 40 to 30 C. Atm. air enters the tower
at 1 atm with dry and wet bulb temps of 22 and 16 C respectively, and leaves at 32 C and 95% RH.
Determine: (i) the volume flow rate of air in to the cooling tower, and (ii) mass flow rate of required

make-up water. [Ref: 1]”

AIR EXIT

Pttrtt

@ WARM ik 1
WATER AMLKNAMAMAM

\\- AlR
4 _INLET

COOL | @
WATER

Make up water

Fig.Prob.7.4.7 Wet cooling tower

EES Solution:
“Data:”

P1 =101.325 “kPa”

DBT1 =22 “C”
WBT1 = 16 “C”
DBT2 =32 “C”
RH2 = 0.95

mw_3 = 40“kg/s .... amount of water entering the tower”

T3 =40 “C ... temp of hot water inlet to tower”

“Let mw_4 be the amount of water leaving”

T4 = 30“C ...temp of cooled water leaving the tower”

93
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“Calculations:”

vl=Volume(AirH20,T=DBT1,B=WBT1,P=P1)“m~3/kg dry air”

“Let: mass of dry air entering = ma_1.

Then mass of dry air leaving remains the same, i.e. ma_2 = ma_1 = ma, say.”
omegal=HumRat(AirH20,T=DBT1,B=WBT1,P=P1)“kgH20/kg dry air.... sp. humidity of entering air”
omega2=HumRat(AirH20,T=DBT2,r=RH2,P=P1)“kgH20/kg dry air...... sp. humidity of exiting air”

“Water mass balance:”

mw_3 + ma * omegal = mw_4 + ma * omega2

“Energy balance:”

ma * hl + mw_3 *h3 = ma * h2 + mw_4 * h4 “Energy going in to the tower = energy going out”

ORACLE
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“Enthalpies:”

h1=Enthalpy(AirH20,T=DBT1,B=WBT1,P=P1)

h2=Enthalpy(AirH20,T=DBT2,r=RH2,P=P1)

h3 = Enthalpy(Water,T= T3,x=0)

h4 = Enthalpy(Water,T= T4,x=0)

“Make up water:”

mw_makeup = mw_3 - mw_4 “kg/s”

“Volume flow rate of air in to the cooling tower:”

Voll_air = ma * vl“mA3/s”

Results:

Unit Settings: 51 C kPa kJ mass deq

DBET1 =22 [C]
he =106.6 [kfkg]
ma = 28.2 [ko's]

Miakeyp = 05687 [ko/s]

P1 =101.3 [kPa]

T4 =30 [C]
WHBT1 =16 [C]
Thus:

DBETZ =32 [C]

h3=1675 [kd/kg]

s = A0 [kaoys]

omegal = 0.008875 [kofko]
RHZ = 0495

w1 = 0.848 [m3fkg]

Mass flow rate of make-up water = 0.5687 kg/s ... Ans.

b1 =447 [kJfkg]
hd=125.7 [kdflkg]
g = 39.43 [kofs]
omegad = 0.02305 [kgkg]
T3 =40 [C]

Woll g = 2391 [mfs]

Volume flow rate of air in to the tower = Voll_air = 23.91 m/3/s ... Ans.
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7.5 Problems solved with TEST:

Note: It is extremely easy and convenient to solve Psychrometric problems in TEST.

Prob. 7.5.1 Atmospheric air at 101.325 kPa has 30 C DBT and 15 C DPT. Calculate: (i) Partial pressure
of air and water vapor, (ii) sp. humidity, (iii) RH (iv) Vapor density, and (enthalpy of moist air. [VTU]
TEST Solution:

Following are the steps:

1. After logging in to TEST (www.thermofluids.net), go to the “TESTCalcs tree, and choose the

System Analysis-Closed-Psychrometry as shown below:

TESTcalcs

Basic Tools System Analysis

!—‘;I

Closed Open

Converter

| |
Unsteady Ciostlad Processes Open-Steady Systems Open Processes

| |
Specific Generic Generic Specific

tUniform Systems} lNon-Uniform Non—Mixing} [Non—Unifcrm Semi-Mixing ‘ [Non—Un]form Mixing

; | , ' | :
Reciprocating Cycles [Combustion and Chemical Equilibrium

Psychrometry

pt ,'

| [ |
[Sing]e—F]ow Systems] [Non-Mixing Multi-Flow Systems J [Mixing Multi-Flow Systems]

2. Hovering the mouse pointer over ‘Psychrometry’ brings up the explanatory pop up:

Node Specific Help L}

The MA (Psychrometric) Closed-Process Daemon <a
Analyze a closed process involving evaporation or condensation of water
vapor in air. This link will launch the HVAC TESTcalc.

Chapter 12 covers psychrometry.

Armmmsmsmsmamass
R —

26
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Psychrometrics

3. Clicking on Psychrometry, we go to the following screen, where pressure pl and material:

moist air are selected by default. Here, enter the parameters for the State, viz.T1 = 30 C for
dry bulb temp, and T_dp1 = 15 C for dew point temp. Hit Enter (or, click on Calculate). All

calculations are done immediately, and we get:

Move mouse over a variable to display its value with more precision.

“ Mixed ( S|  English = ¥ Help Messages On Super—lteratel Super Calculate

State Panel | Process Panel

Supernitialize

@State-1 v | calculate | No-Flots v Initialize | MA model: Dry AireH20

-MmstNr .

hl_ll e m B )

omegat T dpf

na v

Thus:

Partial pressure of air = p_al = 99.61702 kPa ... Ans.

Partial pressure of water vapor = p_vl = 1.70798 kPa ... Ans.

Sp. humidity = omegal = 0.01066 kg H20/kg dry air ... Ans.

Enthalpy of moist air = h1 = 57.41154 k]J/kg .... Ans

Vapor density: This is calculated from Ideal Gas Law as follows:

Partial pressure of vapor = 1.70798 kPa

Gas Constant for water vapor = R_w = 8.314/18 = 0.46189 kJ/kg.K

Therefore: rho_vap = p_vl / (R_w * (30 + 273)) = 0.0122 kg/mA~3 ... Ans.

97
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4. Clicking on SuperCalc gives TEST code etc:

from OUTPUT OF SUPER-CALCULATE

# TESTcalc Path: Systems>Closed>Process>Specific>HVAC; v-10.ce01;
o Start of TEST-code —— - - - -
States {

State-1: MoistAir;

Given: { pl= 101.325 kPa; T1= 30.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; T_dpl= 15.0 deg-C; }

o End of TEST-code - - - - - -

Find out more and apply

redefining / standards

98 Click on the ad to read more

Download free eBooks at bookboon.com


http://s.bookboon.com/AXA

Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

#-———Property spreadsheet starts:

State DBT(K) WBT(K) DPT(K) v(m3/kg-d.a.) R.H. h(kJ/kg) Omega(kg-H20/
kg-d.a.)
#1 303.2 293.2 288.2 0.8734 0.4 57.4 0.0107

Prob. 7.5.2 A sling psychrometer reads 40 C DBT and 28 C WBT. Find the following: (i) sp. humidity,
(ii) RH, (iii) Dew point temp,and (iv) Vapor density. [VTU]

TEST Solution:
Following are the steps:

Steps 1, 2 and 3 are the same as for previous problem.

Fill up the given parameters i.e. DBT = 40 C and WBT = 28 C in the following screen and hit Enter.
We get:

Move mouse over a variable to display its value with more precision.

* Mixed ¢ SI  English < il ¥ Help Messages On Super-lterate Super Calculate Super-initialize

State Panel | Process Panel /0 Panel |

OState-1 v | calcuiate No-Plots re—— 1A model: Dry AirH20

hl_n ~ QH b o )

omegaf T_wht

Thus:

Sp. humidity = omegal = 0.01066 kg H20/kg dry air ... Ans.

RH1 = 41.2812% .... Ans.

Dew Point Temp = T_dpl = 24.333 C ... Ans.

Vapor density: This is calculated from Ideal Gas Law as follows:

929
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Partial pressure of vapor = 3.04953 kPa

Gas Constant for water vapor = R_w = 8.314/18 = 0.46189 kJ/kg.K

Therefore: rho_vap = p_vl / (R_w * (40 + 273)) = 0.0211 kg/m~3 ... Ans.

Click on SuperCalculate and get TEST code etc in the I/O panel:

B~~~ OUTPUT OF SUPER-CALCULATE

# TESTcalc Path: Systems>Closed>Process>Specific>HVAC; v-10.ce01;

e Start of TEST-code -~ i i o o
States  {

State-1: MoistAir;

Given: { pl= 101.325 kPa; T1= 40.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; T_wb1= 28.0
deg-C; }

#00*DETAILED OUTPUT: All the computed properties and variables are displayed on this

blOCk 5 55 5 5 66 >t

# Evaluated States:

# State-1: MoistAir > MA-Model;

# Given: pl=101.325 kPa; T1= 40.0 deg-C; Vell= 0.0 m/s;

# z1= 0.0 m; T_wbl= 28.0 deg-C;

# Calculated: vl= 0.9145 m~3/kg; ul= 0.0122 kJ/kg; h1= 89.8862 kJ/kg;
# el= 0.0122 kJ/kg; j1= 89.8862 kJ/kg; p_v1= 3.0495 kPa;

# p_al=98.2755 kPa; p_gl= 7.3872 kPa; RH1= 41.2812 %;

# omegal= 0.0193 kg-H20/kg-d.a.; T_dpl= 24.333 deg-C;
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#-———Property spreadsheet starts:

State  DBT(K) WBT(K) DPT(K) v(m3/kg-d.a.) RH.  h(k]/kg) Omega(kg-H20/kg-
d.a.)
#1 313.2 301.2 297.5 0.9145 0.41 89.9 0.0193

Prob.7.5.3 A room measures 5m x 5m X 3m. It contains atmospheric air at 100 kPa, DBT = 30 C,

RH = 30%. Find the mass of dry air and the mass of associated water vapor in the room. [VTU]

TEST Solution:
Following are the steps:

Steps 1, 2 and 3 are the same as for previous problem.

\ The next step for
* top-performing

oraduates
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Fill up the given parameters i.e. p = 100 kPa, DBT = 30 C and RH1 = 30%, and Voll = 75 mA3, in
the following screen and hit Enter. We get:

Move mouse over a variable to display its value with maore precision.

~ Mixed ( 81 ¢ English ﬂ ¥ Help Messages On Super-lterate | Super-Calculate Super-Initialize

State Panel | Process Panel 110 Panel |

.. C‘alculate Initialize M4 model: Dry AirtH20 -l\loaslmr .
_ _ - — h
[ ] I_Il | ;n [Facton ] T
[aws ] — — s [ ]
p ot | RH1 omegat T_dp1 J T_wh1
oevc | A e V]
m t1 m_vt m_g1
B

Thus:

Mass of dry air in the room = m1 = 85.10483 kg .... Ans.
Mass of water vapor = m_v1 = 0.68299 kg ... Ans.

Also, total mass = m_t1 = 85.78782 kg ... Ans.
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5. From the Plots widget, choose Psychro Plot and we get a schematic pf a psychrometric plot
with the State point at 30 C DBT and Sp. humidity omegal = 0.008, shown therein:

0.05

0.o

0.0 T {dry bulby, deg-C 50.0

6. Click on SuperCalculate and see the TEST code etc in the I/O panel:

s i OUTPUT OF SUPER-CALCULATE

# TESTcalc Path: Systems>Closed>Process>Specific>HVAC; v-10.ce02;
e Start of TEST-code —- - - - —————— -
States {

State-1: MoistAir;

Given: { pl=100.0 kPa; T1= 30.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; Voll= 75.0 m/3; RH1= 30.0
%; }

o End of TEST-code - - - - - -

103

Download free eBooks at bookboon.com



Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Psychrometrics

#ooee*DETAILED OUTPUT:

# Evaluated States:

# State-1: MoistAir > MA-Model;

# Given: pl= 100.0 kPa; T1= 30.0 deg-C; Vell= 0.0 m/s;

# z1= 0.0 m; Voll= 75.0 m"3; RH1= 30.0 %;

# Calculated: v1=0.8813 mA3/kg; ul=-36.3391 kJ/kg; h1= 50.665 kJ/kg;

# el= -36.3391 kJ/kg; jl= 50.665 kJ/kg; m1= 85.1048 kg;

# p_vl= 1.2738 kPa; p_al= 98.7262 kPa; p_gl= 4.246 kPa;

# omegal= 0.008 kg-H20/kg-d.a.; T_dpl= 10.5339 deg-C; T_wbl= 17.7885 deg-C;
# m_tl= 85.7878 kg; m_v1= 0.683 kg; m_gl= 2.2766 kg;

#-———Property spreadsheet starts:

State DBT(K) WBT(K) DPT(K) v(m3/kg-d.a.) R.H. h(kJ/kg) Omega(kg-H20/kg-d.a.)
#1 303.2  290.9 283.7 0.8813 0.3 50.7 0.008

UNIVERSITY OF

) SURREY

Get Internationally Connected
at the University of Surrey

MA Intercultural Communication with International Business
MA Communication and International Marketing

MA Intercultural Communication with International Business
Provides you with a critical understanding of communication in contemporary

socio-cultural contexts by combining linguistic, cultural/media studies and
international business and will prepare you for a wide range of careers.

MA Communication and International Marketing

Equips you with a detailed understanding of communication in contemporary
international marketing contexts to enable you to address the market needs of
the international business environment.

For further information contact:
T: +44 (0)1483 681681

E: pg-enquiries@surrey.ac.uk
www.surrey.ac.uk/downloads

104 Click on the ad to read more

Download free eBooks at bookboon.com


http://www.surrey.ac.uk/downloads

Applied Thermodynamics: Software Solutions:
Part-IV (Psychrometrics, Reactive systems) Psychrometrics

Prob.7.5.4 As a result of adiabatic saturation of moist air in a steady flow device at a constant pressure
of 96 N/mA2, the temp of moist air at initial condition from 32 C is reduced to 22 C at sat. condition.
Calculate the RH of moist air at the initial condition.[VTU]

TEST Solution:
Following are the steps:

Steps 1, and 2 are the same as for problem 7.5.1.

3. Fill up the given parameters i.e. p = 0.096 kPa, DBT = 32 C and Wet bulb
temp,T_wb1l = T_wb2 (yet to be determined) in the following screen and hit Enter. We get:

Move mouse over a variable to display its value with more precision.

~ Mixed ¢ SI  English = ¥ Help Messages On Super-lterate Super-Calculate Super-nitialize

State Panel Process Panel 110 Panel

< |estate-1 v > | | caicutate No-Flots v Initialize

4. Go to State 2: Enter p2 = pl, T2 = 22 C, RH2 = 100 % (since saturated) and hit Enter.
We get:

Move mouse over avariable to display its value with more precision.

* Mixed  SI ( English = ¥ Help Messages On Super—neratel Super-Calculate m Super-nitialize

State Panel | Process Panel | IO Panel |

| < |estate2 v > | | caicuate No-Plats [ iniaiize WA model: Dry Air-H20 - MoiStAlr .

_—hg| MJ - I_Ih_
hl_ll " |_||J - |_|h—i—

J m_v2
| AN I_II e v
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5. Click on SuperCalculate. All calculations are now up-dated and the value of T_wb2 is
posted back to State 1, and RH1 is also calculated. Go back to State 1 and read the value
of RH1:

Move mouse over a variable to display its value with more precision

# Mixed ¢ 8| ¢ English < > ¥ Help Messages On Super-lterate Super-Calculate Super-Initialize

State Panel | Process Panel 110 Panel |

H ©State-1  |» Calculate Mo-Plots - I Initialize MA madel: Dry Air+H20 M0|5Ll\1r .

hl_n - |_||J ~ —§ = TR

omegaf T_whi

We get: RH1 = 57.11% ... Ans.

6. Go to I/O panel to get the TEST code etc:

B e OUTPUT OF SUPER-

# TESTcalc Path: Systems>Closed>Process>Specific>HVAC; v-10.ce02;

Hom Start of TEST-code —— ———-
States  {

State-1: MoistAir;

Given: { pl= 0.096 kPa; T1= 32.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; T_wbl= “T_wb2”
deg-C; }

State-2: MoistAir;

Given: { p2= “p1” kPa; T2= 22.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m; RH2= 100.0 %; }

- — End of TEST-code -
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#-———Property spreadsheet starts: The following property table can be copied onto a spreadsheet (such

as Excel) for further analysis or plots. ———————-

State DBT(K) WBT(K) DPT(K) v(m3/kg-d.a.) RH. h(kJ/kg) Omega(kg-H20/kg-d.a.)
#1 305.2 295.1 295.6 -33.4119 0.57 -1618.4 -0.6448
#2 2952  295.1 295.1 -33.2382 1.0 -1618.4 -0.6454

Note that for the above problem, pressure was not atmospheric, but 96 Pa.

Prob.7.5.5 Moist air enters a humidifier-heater unit at 26 C and 80% RH. It is to leave at 26 C and 50%
RH. For a flow rate of 0.47 mA3/s, find the refrigeration in tons and the heating required in kW. [VTU]

TEST Solution:

First, the air is cooled at const. sp. humidity to reduce the RH to 50% (process 1-3), and then heated at
const. sp. humidity to 26 C.(process 3-2)

STEP INTO A WORLD
OF OPPORTUNITY @

www.ecco.com/trainees
tfrainees@ecco.com
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Following are the steps:

1. From the TESTCalcs tree, choose Open System-Psychrometry:

Basic Tools System Analysis States
| i |
. | ¥ B | .
. “Ogta: Closed Open [ System States J I Flow States ‘
Tables DeskCal Converter ;

| |
Unsteady Clostlad Processes Q Open-Steady Systems

Steady Cycles

Specific Generic Generic Specific
|
| [ [ E— RS
[Uniform S\.rstems] {Non-Uniform Non-Mixing] [Non-Uniform Semi-Mixing J Non-Uniform Mixing
| - |
{Reciprocating Cyc!es} r:&l l Combustion and Chemical Equilibrium J
Psychrometry

| | |
[Sing!e-Fiow S\.rstems] [Non-Mixing Multi-Flow Systems ] [Mixing Multi-Flow Systems]

Eﬁ ( Combustion and ‘ >::E

Psychrometry Chemical Equilibrium Gas Dynamics
" T T

Vapor Power and Vapor Compression and
Gas Power Cycles Gas Refrigeration Cycles
T T

2. Hovering the mouse pointer over Psychrometry gives following explanatory pop-up:

MA (Psychrometric) Open-Steady TESTcalc

Launch it to analyze air conditioning systems that deal with simple heating, simple cooling,
humidification, de-humidification, evaporative cooling, and cooling towers. In addition to
moist air {at any pressure), the working fluid can be any moist gas.

Chapter 12 deals with psychrometry.
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3. Click on Psychrometry, and we get the following window with moist air as default material.
Fill up the data for state 1, i.e. T1 = 26 C, Voldotl = 0.47 m~3/s, RH1 = 80%, and hit Enter.
We get:

Move mouse over a variable to display its value with more precision

~ Mixed  SI  English < = ¥ Help Messages On Suptheratel Super-Calculate Super-nitialize

State Panel | Device Panel | 110 Panel |

@stateq v_ No-Plots |+ Ir e 114 madel: Dry Air+H20

| pt | 71 J %4 J y1
o] ot v | [wsne ]
ut ht | velt | =zt et
mdot1 Voldot1
[was ] m s v w2 & (e v]
omegei

T whi mdor t mdot_v1 mdot_g1

4. Go to State 2, i.e. final state. Fill up T2 = T1, mdot2 = mdot1(since dry air mass rate does
not change), and RH2 = 50%. Hit Enter. We get:

Move mouse over avariable to display its value with more precision.

« Mixed ¢ SI { English < = ¥ Help Messages On Super—lteratel Super-Calculate Super-nitialize

State Panel | Device Panel 110 Panel |

| < [esiale2 | - | | cacutate No-Plots v ialize 1A model: Dry Air+H20

| p2 Y| T2 x2 J y2
deot ] [fection ]| [frction v, [rarg ]
uz nz | vez + o5
j2 | mdot2 Voldot2 A2 p_v2
p a2 p_g2 | RH2 omega? T_dp2

T wh2 mdot_t? mdot_v2 mdot_g2
e | R e V]
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5. Go to State 3, i.e. state after cooling. Fill up omega3 = omega2 (since the sp. humidity,
omega remains const. during heating), mdot3 = mdot1, RH3 = 100%, since condensation

has occurred. Hit Enter, and we get:

Maove mouse over a variable to display its value with more precision.

% Mixed ¢ 81 ( English P _:| ¥ Help Messages On Super-terate M m Super-\nitiaiizei

State Panel Device Panel I 10 Panel ]

! ©S5tate-3 v 1 Calculate | U-Iuts ~ Initialize | ‘ A model: Dry Air+H20 . IMoistair v .
s

v3
fraction v I fraction “ Eiw: | | 3ikg v
| ves

| =z3 '-1 a3
49477 | kikg v ms v m v {-ﬁbﬂm‘k | Klikg v
mdot3 .—J \Voldot3 __J A3 ’_J p v3
P g3 omegal? T dp3
~|[168628 ) [kPa el | kgti20kgda v |[14.80280 degC v

—_J T_wb3 mdot {3 ._J mdot_v3 ._.I mdot_g32

|| kg/min w ;ﬁ%ﬂj{b :|_kgfmin - E:li’g@[{ﬁ " | kafmin v

Note that T3 = 14.8 C, i.e. air is cooled to 14.8 C in the refrigeration unit.... Ans.

Amount of water vapor removed = (mdot_vl - mdot_v3) = 0.21021 kg/min. ... Ans.
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6. Go to Device panel. For Device A (i.e. cooling unit),

and el-state, Wdot_ext = 0. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

<[oCased v >

* Mixed ¢ Sl ( English ¥ Help Messages On
State Panel Device Panel

Psychrometrics

fill up State 1 and State 3 for i-1 state

Super-lterate Super-Calculate Supernitialire |

/0 Panel

Device-A[1-3] v

L S State-1 w

et-state:

PR N State-Null | |

State-3

Open Steady Device - A Steam
Injection

1|

Mass, Dry Gas: H1,, = H1,,

H,0: mrl;(l,r’l t My o _mu:u,cl "mu,u,cz

Energy:

0= (mrljr] + M, ) _[muljr.z + M, iy ) +Q_ Wm
Joa

Mote: By using appropriate combinations, this versatile
device can be used for simple heating, cooling, j
humidification, or dehumidification.

Conden

" Cooling Tower

L2 State-Null | |

e

Cooling

WinHip:
Work in negative
Heat in positive

sate

Note that refrigeration (negative since heat is going out of system) is chosen in tons and is equal to
-15.122 kW = 4.3 tons, (since 1 ton of refrogeration = 211 kJ/min) ... Ans.

7. Go to Device B (i.e. heating unit). Fill up State 3 and State 2 for i-1 state and el-state, Wdot_

ext = 0. Hit Enter. We get:

Move mouse over avariable to display its value with more precision.

_>J ¥ Help Messages On

~ Mixed ¢ Sl { English

Super-lterate |
State Panel Device Panel

Super-Calculate m Super-nitialize

Device-B [3-2] ~
L sEed v

E State-Mull

Initialize

We get: heat supplied in heater unit = Qdot = 6.192 kW .... Ans.
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8. Choosing Psychro Plots from Plots widget, gives the State points on the psychrometric chart;

0.08
=
3 )
0.0
0.0 T (dry bulh), deg-C 50.0

9. Click on SupeCalculate and get the TEST code etc from the I/O panel:

Frommm s OUTPUT OF SUPER-CALCULATE

# TESTcalc Path: Systems>Open>SteadyState>Specific>HVAC; v-10.ce02;

o Start of TEST-code ——- -— -— -— —————— -
States {

State-1: MoistAir;

Given: { pl= 101.325 kPa; T1= 26.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; Voldotl= 0.47
mA3/s; RH1= 80.0 %; }

State-2: MoistAir;

Given: { p2=101.325 kPa; T2= 26.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m; mdot2= “mdot1”
kg/min; RH2= 50.0 %; }

State-3: MoistAir;
Given: { p3= 101.325 kPa; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= “mdot1” kg/min; RH3=

100.0 %; omega3= “omega2” kg-H20/kg-d.a.; }

Download free eBooks at bookboon.com



Applied Thermodynamics: Software Solutions:

Part-1V (Psychrometrics, Reactive systems) Psychrometrics
}
Analysis {

Device-A: i-State = State-1; e-State = State-3; CoolingTower: false;

Given: { Wdot_ext= 0.0 kW; }

Device-B: i-State = State-3; e-State = State-2; CoolingTower: false;

Given: { Wdot_ext= 0.0 kW; }

}
o End of TEST-code
State DBT(K) WBT(K) DPT(K) v(m3/kg-d.a.) R.H. h(kJ/kg) Omega(kg-H20/kg-d.a.)
#1 299.2 296.5 2955 0.8705 0.8 69.5 0.017
#2 299.2  291.8 288.0 0.8617 0.5 53.0 0.0105
#3 288.0 288.0 288.0 0.8294 1.0 41.5 0.0105

O
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#Analysis

Device-A: i-State = State-1; e-State = State-3; CoolingTower: false;
Given: Wdot_ext= 0.0 kW;
Calculated: Qdot= -15.122171 kW;

Device-B: i-State = State-3; e-State = State-2; CoolingTower: false;
Given: Wdot_ext= 0.0 kW;
Calculated: Qdot= 6.1918793 kW;

H O O H O B

Prob.7.5.6 For a hall to be air conditioned, following conditions are given:

Outdoor condition: 40 C DBT, 20 C WBT
Required comfort condition: 20 C DBT, 60% RH
Seating capacity of hall = 1500; Amount of outdoor air supplied = 0.3 mA3/person

If the required condition is achieved first by adiabatic humidification and then by cooling, estimate:
a) capacity of cooling coil in Tons of Refrigeration
b) capacity of humidifier

¢) condition of air after adiabatic humidification. [VTU]

Note: This is the same as prob. 7.2.7 solved with Mathcad.

=
= =
—
B =
58
=%
RH =
25.15%
w2 =w3
wi
1

wmec HMe2C 40 C
DET —0m—p

Fig.Prob.7.5.6 Adiabatic humidification and heating
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TEST Solution:
Following are the steps:
1. From the TESTCalcs tree, choose Open System-Psychrometry:
) I I I
Basic Tools System Analysis States
’_l_' |
; | ; ; | :
Quad Closed Open [ System States J IF}D'\-".I' States l

Btu
Converter

Unsteady Closed Processes

Specific Generic

o

Steady Cycles,

[
Open-Steady Systems

Generic

Specific

|
| [ | R

[Uniform S\,rstemsJ {Non-Uniform Non-MixingJ {Non-Uniform Semi-Mixing } Non-Uniform Mixing
| | |

Reciprocating C\,rc!es} ; |

Psychrometry

| | [
[Sing!e-Fiow Systems] [Non-Mixing Multi-Flow Systems ] [Mixing Multi-Flow Systems]

:ﬁ { Combustion and ‘ >::C

Psychrometry Chemical Equilibrium Gas Dynamics
z T T

lCombusticn and Chemical Equilibrium J

Vapor Power and J {Vapor Compression and

Gas Power Cycles Gas Refrigeration Cycles
T T

2. Hovering the mouse pointer over Psychrometry gives following explanatory pop-up:

MA (Psychrometric) Open-Steady TESTcalc

Launch it to analyze air conditioning systems that deal with simple heating, simple cooling,
humidification, de-humidification, evaporative cooling, and cooling towers. In addition to
moist air (at any pressure), the working fluid can be any moist gas.

Chapter 12 deals with psychrometry.
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3. Click on Psychrometry, and we get the following window with moist air as default material.
Fill up the data for state 1, i.e. T1 =40 C, T_wbl = 20 C, Voldotl = 450 m”3/min, and hit
Enter. We get:

z1=00 m [Elevation above a datum]

* Mixed ¢ SI © English ;J ¥ Help Messages On Super-lterate M m Supernitialize

State Panel I Device Panel I 110 Panel J

< l@state1 vl > E | No-Plots VE M_ 1A model Dry Air+H20 ; Moistair vm

|
N N
_ [deg-C ] fraction R’ | ||"\’el‘:'fo.‘ _VI ](&39652.3 | m3ikg v
vel1 v [ J et
]az47001 g v|j§7404o4 ErE |h\'m = [m v 324700 Wiy |

_J it ,_J mdot! | Voldots _J A1 _J o vi

|57 40404 Kifkg | g01.94193 kgimin W [rezmin - [750000.06 [z | oz kP2 v
J p at J p gt J RH1 J omegat J T dpt

[100.2479 [k v|]7_:i\a722 kPa v | 1458085 (% v'jo_ooase [kg-H20kgda  + [BD6EED [degC v
L} T_wbi mdot_t1 _J mdot_v1 _} mdot g1

OGN o=oc v |[50529642 ] o v|[335448 ko v | [23.00645 lgmn  v]

v
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4. Go to State 2, i.e. final state. Fill up T2 = 20 C, mdot2 = mdot1(since dry air mass rate does
not change), and RH2 = 60%. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

 Mixed ¢ Sl ¢ English ﬂ ¥ Help Messages On Super—neratel Super-Calculate Super-nitialize

State Panel | Device Panel | 10 Panel |

oState-2 v/ > | Calculate No-Plats [ iniiaiize 4 model: Dry Air+H20 -Mouswr .
| p2 7| _| x2 J y2
e ] | recin o]
u2 h2 | ez S| z2 a2
j2 Y| mdot2 Voldot2 A2 pove?
o a2 g2 | RH2 omegal T_dp2

T wb2 mdor 12 mdot_v2 mdot_g2

5. Go to State 3, i.e. state after adiabatic humidification. Fill up omega3 = omega2 (since the
sp. humidity, omega remains const. during cooling), mdot3 = mdot1, h3 = h1 (for adiabatic

process 1-3). Hit Enter, and we get:

Move mouse over avariable to display its value with more precision

% Mixed " §I ( English < ‘ﬂ ¥ Help Messages On Super-lterate super Calculate Superinitialize

State Panel | Device Panel 110 Panel |

©State-3 v Calculate Mo-Plats v I Initialize A model: Dry AirtH20 - Maistair - .

T wh3 mdu! 3 mdot_v3 mdot_g3

Note that RH3 = 25.15 %, T3 = 34.82 C, i.e. temp of air before it is cooled to 20 C in the refrigeration

unit.... Ans.
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6. Go to Device panel. For Device A (i.e. humidifying unit), fill up State 1 and State 3 for i-1
state and el-state, Wdot_ext = 0, h = 0. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.
* Mixed Sl ( English

State Panel |

< _=| v Help Messages On

Device Panel |

Super-lterate Super-Calculate Super-nitialize

/0 Panel |

Device-A[1-3] v
BT state1 v o stalenul v

1~ Cooling Tower

(8- G State-3 hd recicio ] State-Null v

| Qdot
[k

¥ | Wadot_ext
| [l

Open Steady Device - A

Mass, Dry Gas: M, =M,
H,0 mu:(m 1
Energy:

0= (mdjrl o m.zjfz ] _{mﬂjd +m1:2j¢2 ) +Q - Wm

My e +M

H,087 W02

i

Steam
Injection

Cooling
Coil

WinHip:
Work in negative
Heat in positive

device can be used for simple heating, cooling,
humidification, or dehumidification,

Mote: By using appropriate combinations, this versatile

Condenszate

7. Go to Device B (i.e. cooling unit). Fill up State 3 and State 2 for i-1 state and el-state, Wdot_

ext = 0. Hit Enter. We get:

Move mouse over avariable to display its value with more precision.
& Mixed Sl " English

State Panel |

< _>_| ¥ Help Messages On

Device Panel

Super-terate I Super-Calculate Super-initialize

110 Panel |

Device-B [3-2] w Calculate |
DR State-3 | R T State-Null (v

Initialize

" Cooling Tower

i.e. Heat removed in cooling unit = Qdot = 126.58 kW (negative, since heat is removed).

OR: we can get in Tons also in TEST:

Qdot=-12
& Mixed Sl { English

State Panel |

< j ¥ Help Messages On

Device Panel

Super-lterate Super-Calculate m m

i Panel |

Calculate
oo | State-Null v

Device-B [3-2] R
itstate: ELCEIRd

Initialize |

" Cooling Tower
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i.e. Heat removed in cooling unit = Qdot = 35.995 tons of refrign. (negative, since heat is removed).

8. Choosing Psychro Plots from Plots widget, gives the State points on the psychrometric chart;

0.05
2 3
&
G-______@1
0.0
0.0 0.0

T (dry bulh), deg-C

www.studyat.tudelft.nl
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9. Click on SupeCalculate and get the TEST code etc from the I/O panel:

B o s o o o 0 OUTPUT OF SUPER-CALCULATE

# TESTcalc Path: Systems>Open>SteadyState>Specific>HVAC; v-10.ce02;

#om Start of TEST-code —~—————————————————
States {

State-1: MoistAir;

Given: { pl= 101.325 kPa; T1= 40.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; Voldotl= 450.0
mA3/min; T_wb1= 20.0 deg-C; }

State-2: MoistAir;

Given: { p2=101.325 kPa; T2= 20.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m; mdot2= “mdot1”
kg/min; RH2= 60.0 %; }

State-3: MoistAir;

Given: { p3= 101.325 kPa; h3= “h1” kJ/kg; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= “mdot1”
kg/min; omega3= “omega2” kg-H20/kg-d.a.; }

Analysis {

Device-A: i-State = State-1; e-State = State-3; CoolingTower: false;

Given: { Qdot= 0.0 kW; Wdot_ext= 0.0 kW; }

Device-B: i-State = State-3; e-State = State-2; CoolingTower: false;

Given: { Wdot_ext= 0.0 kW; }
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#-———Property spreadsheet starts:

State  DBT(K) WBT(K) DPT(K) v(m3/kg-da.) RH. h(kJ/kg) Omega(kg-H20/kg-d.a.)
#1 313.2 2932 281.2  0.8965 0.15 57.4 0.0067
#2 293.2 288.2 285.2 0.842 0.6 42.3 0.0087
#3 308.0 2932 285.2  0.8846 0.25 57.4 0.0087
# Analysis

#

# Device-A: i-State = State-1; e-State = State-3; CoolingTower: false;

# Given: Qdot= 0.0 kW; Wdot_ext= 0.0 kW;

# Calculated:

# Device-B: i-State = State-3; e-State = State-2; CoolingTower: false;

# Given: Wdot_ext= 0.0 kW;

# Calculated: Qdot= -126.582985 kW;

Prob.7.5.7 One kg of air (dry basis) at 35 C DBT and 60% RH is mixed with 2 kgof air (dry basis) at 20
C DBT and 13 C DPT. Calculate the sp. humidity and DBT of mixture.

TEST Solution:
Here, we use Closed System-Psychrometry daemon (as in Prob.7.5.1):

1. Enter data for Statel: m1 = 1 kg, T1 = 35 C DBT, RH1 = 60%. P1 = 101.325 by default. Hit
Enter. We get:

Move mouse over a variable to display its value with more precision.

* Mixed © SI " English ﬂ ¥ Help Messages On Super—lteratel Super-Calculate Super-nitialize

State Panel | Process Panel | /0 Panel |

| caicuate Initialize 4 model: Dry Air+H20 .Mmgw .
il [t J x1 J ¥1
_ I_II [fraction ] | [frtion | g v
Valt
_ _ _ ¥ g ]
o gt | RHt omegat T dpt T_wb1
m_t1 m vt m_gft
g v
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2. For State 2: m2 = 2 kg, T2 = 20 C, T_dp2 = 13 C. Hit Enter. We get:

Move mouse over a variable to display its value with more precision.

& Mixed ¢ SI ¢ English ﬂ ¥ Help Messages On Super-lterate Super-Calculate Super-initialize

State Panel | Frocess Panel 110 Panel |

.. Calculate | I Initialize MA model: Dry AireH20 . Moistair .
P h - = h
_— I_II I—VI _ [maction v g v

J m2 07 Dﬁa
p_g2? RHZ omega2 | T dp2 T wh2
m_t2 m_v2 m_g2
e -

3. For State 3, enter known data: m3 = m1+m?2, and hit Enter. We get:

Move mouse over a variable to display its value with more precision.
* Mixed ¢ SI (" English > ¥ Help Messages On Superterate Super-Calculate super-nitialize

State Panel Process Panel 110 Panel

Calculate |

Note that above data was not enough. However, results will be up-dated after we go to Process panel.
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4. In the Process panel, foe bA and bB States, enter State 1 and State 2. For, fA state
enter State 3. And, for B state, leave it as Null State, since there is only one final state.
Also, W_ext = 0, Q = 0. Hit Enter. And click on SuperCalculate.

= kJ [Met !fea_{'_h'_ansfe{]

* Mixed ¢ SI ¢ English =| ¥ Help Messages On Super-terate Super-Calculate Super-initialize |

Slate Panel | Process Panel /0 Panel I

n
W siate2 v ~ - Siate- j State-Null |

Non-Uniform Mixing Process - A
Mass:

Dry Gas : g =M,

H 0 Mg n o T My o m =My g T My 00p
WinHip:

W Work in negative
(mﬁ1£j}l T e ) e (”‘rﬁ4€h.4 + mmem;) =0-W_, Heat in positive

AR

Energy:

°I studied
‘English for 16
ears but...
.1 finally
learned to
speak it in jus
six lessons”

Jane, Chinese architect

OUT THERE

Click to hear me talking

before and after my

unique course download
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5. Now, all calculations are updated. Go to State 3, and see the results:

Move mouse over avariable to display its value with more precision.

" Mixed ¢ SI  English < ﬂ |+ Help Messages On Super—ﬁefatel Super-Calculate Super-nitialize

State Panel | Process Panel 110 Panel |

. ©5tate-3 v . I Calculate No-Flats Mmsmar .

omegal? T_dp3 T_wb3
— el
m_t3 L4 m_v3

FomEN s | w @ o

<

Thus, for State 3, i.e. for the mixture: T3 = 25.1 C, sp. humidity, omega3 = 0.013388 kg H20/kg dry
air, and RH3 = 66.77% .... Ans..

6. We get from the Plots widget:

0.05
1
3
2
0.0
0.0 T (dry bulb), deg-C 50.0
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Download free eBooks at bookboon.com



7. 1/0 panel gives the TEST code etc:

B o s o o o 0 OUTPUT OF SUPER-CALCULATE

# TESTcalc Path: Systems>Closed>Process>Specific>HVAC; v-10.ce02;

#om Start of TEST-code —~—————————————————
States {

State-1: MoistAir;

Given: { p1=101.325 kPa; T1= 35.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; m1= 1.0 kg; RH1=

60.0 %; }
State-2: MoistAir;
Given: { p2=101.325 kPa; T2=20.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m; m2=2.0 kg; T_dp2=
13.0 deg-C; }
State-3: MoistAir;
Given: { p3= 101.325 kPa; Vel3= 0.0 m/s; z3= 0.0 m; m3= “m1+m2” kg; }
}
Analysis {
Process-A: b-State = State-1, State-2; f-State = State-3;
Given: { Q= 0.0 kJ; W_ext= 0.0 kJ; }
}
o End of TEST-code -
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#ooee*DETAILED OUTPUT:

# Evaluated States:
State-1: MoistAir > MA-Model;
Given: pl=101.325 kPa; T1= 35.0 deg-C; Vell= 0.0 m/s;
z1= 0.0 m; m1= 1.0 kg; RH1= 60.0 %;
Calculated: v1=0.903 mA3/kg; ul= 1.8179 kJ/kg; h1= 90.257 kJ/kg;
el= 1.8179 kJ/kg; j1= 90.257 kJ/kg; Voll= 0.903 mA3;
p_vl=3.3811 kPa; p_al= 97.9439 kPa; p_gl= 5.6352 kPa;
omegal= 0.0215 kg-H20/kg-d.a.; T_dpl= 26.0439 deg-C; T_wbl= 28.0759 deg-C;
m_tl= 1.0215 kg; m_v1= 0.0215 kg; m_gl= 0.0358 kg;
State-2: MoistAir > MA-Model;
Given: p2= 101.325 kPa; T2= 20.0 deg-C; Vel2= 0.0 m/s;
z2= 0.0 m; m2= 2.0 kg; T_dp2= 13.0 deg-C;
Calculated: v2= 0.8428 m~3/kg; u2= -40.3124 kJ/kg; h2= 43.8216 kJ/kg;
e2=-40.3124 kJ/kg; j2= 43.8216 k]J/kg; Vol2= 1.6856 m~3;
p_v2= 1.5 kPa; p_a2= 99.825 kPa; p_g2= 2.339 kPa;
RH2= 64.1289 %; omega2= 0.0094 kg-H20/kg-d.a.; T_wb2= 15.6362 deg-C;
m_t2=2.0187 kg; m_v2= 0.0187 kg; m_g2= 0.0292 kg;

H O ¥ OH OB OH O O H OB OB OH OB OH W H OB
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# State-3: MoistAir > MA-Model;

# Given: p3= 101.325 kPa; Vel3= 0.0 m/s; z3= 0.0 m;

# m3= “ml+m2” kg;

# Calculated: T3= 25.0982 deg-C; v3= 0.863 m~3/kg; u3= -26.269 kJ/kg;

# h3= 59.3285 kJ/kg; e3= -26.269 kj/kg; j3= 59.3285 kJ/kg;

# Vol3= 2.5889 m/3; p_v3= 2.135 kPa; p_a3= 99.19 kPa;

# p_g3= 3.1978 kPa; RH3= 66.764 %; omega3= 0.0134 kg-H20/kg-d.a.;
# T_dp3=18.5169 deg-C; T_wb3= 20.5454 deg-C; m_t3= 3.0402 kg;

# m_v3= 0.0402 kg; m_g3= 0.0602 kg;

#Property Spreadsheet:

State  DBT(K) WBT(K) DPT(K) v(m3/kg-da.) RH. h(kJ/kg) Omega(kg-H20/kg-d.a.)

#1 308.2 301.2 299.2 0.903 0.6 90.3 0.0215
#2 293.2 288.8 286.2 0.8428 0.64 43.8 0.0093
#3 298.2 2937 291.7 0.863 0.67 59.3 0.0134
# Analysis

# Process-A: b-State = State-1, State-2; f-State = State-3;

# Given: Q= 0.0 kJ; W_ext= 0.0 kJ;

Prob.7.5.8. Two air streams are mixed adiabatically. The first stream enters at 32 C, 40% RH at a rate of
20 mA3/min. The second stream enters at 12 C, 90% RH and at a rate of 25 m/3/min. Mixing process

occurs at a pressure of 1 atm. Find the sp. humidity, RH, DBT and volume flow rate of the mixture. [Ref:1]

Mixing
section

Fig.Prob.7.5.8 Adiabatic mixing of two air streams
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TEST Solution:

Here, since there is flow, we use the Open-System-Psychrometry daemon (as in Prob.7.5.5)

1. For stream 1, fill in parameters for State 1: i.e. T1 = 32 C, RH1 = 40%, Voldotl = 20 m/3/
min. Hit Enter. We get:

z1=0.0 m [Elevation above a datum]

# Mixed ¢ SI ( English j ¥ Help Messages On Superflteratel Super-Calculate Super-nitialize

State Panel | Device Panel 110 Panel

oState-1 v Calculate No-Plots Initialize |11 model: Dry Air+H20 - MaistAir .

v | pt v [ J x1 J ¥t
e | rocton__v]]| [wans ]
ut 1 | Vel 8 e1
mdott Voldott
p_at omegaf

T wbi mdﬂf t1 mdot_v1 mdot_g1

2. Similarly, for State 2, i.e. for stream 2: T1 = 12 C, RH2 = 90%, Voldot2 = 25 m/3/min.
Hit Enter. We get:

T2=12.0 deg-C [Absolute temperature]

# Mixed 81 ¢ English > ¥ Help Messages On Super-lterate | Super-Calculate m Super-nitialize

State Panel | Device Panel | 110 Panel

H L':alculate | Initialize {1 model: Dry AireH20 -Mmsw: .
| p2 S| T2 J x2 J ¥2
st 9] o ]| o]

u? h2 | Velz | z2 e2
2 mdot2 | Voldotz A2 p_v2
p a2 p g2 Y| RH2 omegaZ2 T dp2
s ] -

T_wh2 mdof 2 mdot_v2 mdot_g2
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3. For mixture, i.e. State 3, enter known values. i.e. p3 is selected as 101.325 by default, mass of

dry air, mdot3 = (mdotl + mdot2), and hit Enter. We get the following:

Mixed ¢ SI ¢ English il ¥ Help Messages On Super—lteratel Super-Calculate m

State Panel | Device Panel | IO Panel |

Calculate MNo-Plots w I Initialize MA maodel: Cry Air+H20 -MoistNr v.

p3 J T3 J x3 J ¥3 J v3
- kPa /] vl fraction v || fraction | mhikg v

u2 I_] n2 | Vel3 | | e3 .

=

i3 mdot3 Voldot3 _I pv3
_ kg/min I m*3/min I kPz w
p a3 _l P g3 J RH3 J omegald J T dp3
kPa | kPa v | % v | kg-H2OMkg-da. v | deg-C v
T_wh3 mdot_t3 _| mdot_v3 J mdot_g3
deg-C v | kgimin v | kgimin v I kg/min v

Note that data is not enough to calculate all parameters. They will be calculated and posted back when

we fill in data in the Device Panel.
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4. Go to Device panel. Fill in State 1 and State 2 for il-state and i-2 state, and State
3 for el-state, and keep e2-state as Null state, since there is only one exit stream.
Further, Wdot_ext = 0 and Qdot = 0. Hit Enter. WE get:

KWV [Net heat transfer rate]

& Mixed Sl ( English > ¥ Help Messages On Super-iterate Super-Calculate Super-nitialize |

State Panel | Device Panel | 110 Panel |

Device-A[1,2-3] ~ + i i " Cooling Tower
oo State-1 « PR G State-2 w0

| GQdot
E—

Open Steady Device - A

Mass, Dry Gas: M, =
H,0: mn,(m + mfl,[],fl = mllzl),ﬂ i mll,(),cz
Energy: : : WinHip:

0= (m,lfrl +m,2j“] { B T ) +Q H’ Work in negative
B Heat in positive

Mote: By using appropnate combinations, this versatﬂe
device can be uzed for simple heating, coolmg,
hurmidification, or dehumidification.

5. Now, click on SuperCalculate. All calculations are up-dated, and properties for State 3 are
posted back there. Go to State 3:

Move mouse over avariable to display its value with more precision.

* Mixed ¢ SI ( English < .i.l ¥ Help Messages On Super—lteratel Super_Calculate Supernitialize |

State Panel I Device Panel | If0 Panel |

| < |estates v > [ | caicuate | No-Plots 1w Initialize 104 model: Dry AirtH20

J x3 _I ¥3
I fraction I fraction

Voldot2

I amegal
% | [0.009575309  kg-Hzomg-da "

dot_g3

T_wb3 mdot_t3 v I mdot_v3

kgémin w IO_E‘E'(K?Q?& kgémin R

'

Thus:

Sp. humidity of mixture = omega3 = 0.009575 jgH20/kg dry air ... Ans.
RH of mixture = RH3 = 63.36% ... Ans.
Dry bulb temp = T3 = 20.56 C ... Ans.

Vol. flow rate of mixture = Voldot3 = 45 mA3/min ... Ans.
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6. Plots widget gives State points on a psychrometric chart:

0.05
1
3
0.0
0.0 T (dry bulb), deg-C 500
7. 1/0 panel gives TEST code etc:

o OUTPUT OF SUPER-CALCULATE

# TESTcalc Path: Systems>Open>SteadyState>Specific>HVAC; v-10.ce02;

o Start of TEST-code —- - - - -

States  {

State-1: MoistAir;

Given: { pl= 101.325 kPa; T1= 32.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; Voldotl= 20.0
mA3/min; RH1= 40.0 %; }

State-2: MoistAir;

Given: { p2= 101.325 kPa; T2= 12.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m; Voldot2= 25.0
mA3/min; RH2= 90.0 %; }
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State-3: MoistAir;

Given: { p3= 101.325 kPa; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= “mdotl+mdot2” kg/min;

}
}
Analysis {
Device-A: i-State = State-1, State-2; e-State = State-3; CoolingTower: false;
Given: { Qdot= 0.0 kW; Wdot_ext= 0.0 kW; }
}
o End of TEST-code - - - - - -

#eoeetDETAILED OUTPUT:

EXPERIENCE THE POW

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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# Evaluated States:
State-1: MoistAir > MA-Model;
Given: pl= 101.325 kPa; T1= 32.0 deg-C; Vell= 0.0 m/s;
z1= 0.0 m; Voldotl= 20.0 mA3/min; RH1= 40.0 %;
Calculated: vl1= 0.8809 m~3/kg; ul= -24.9375 kJ/kg; h1= 62.6406 k]/kg;
el=-24.9375 kJ/kg; j1= 62.6406 kJ/kg; mdotl= 22.7047 kg/min;
Al=33333.336 m/2; p_vl= 1.9032 kPa; p_al= 99.4218 kPa;
p_gl=4.7581 kPa; omegal= 0.0119 kg-H20/kg-d.a.; T_dpl= 16.6932 deg-C;
T_wbl=21.482 deg-C; mdot_t1= 22.9751 kg/min; mdot_v1= 0.2703 kg/min;
mdot_gl= 0.6759 kg/min;
State-2: MoistAir > MA-Model;
Given: p2= 101.325 kPa; T2= 12.0 deg-C; Vel2= 0.0 m/s;
z2= 0.0 m; Voldot2= 25.0 mA3/min; RH2= 90.0 %;
Calculated: v2= 0.8179 mA3/kg; u2= -49.9859 kJ/kg; h2= 31.8521 kJ/kg;
e2= -49.9859 kJ/kg; j2= 31.8521 kJ/kg; mdot2= 30.5674 kg/min;
A2=41666.668 mA2; p_v2= 1.2618 kPa; p_a2= 100.0632 kPa;
p_g2=1.402 kPa; omega2= 0.0078 kg-H20/kg-d.a.; T_dp2= 10.3967 deg-C;
T_wb2=11.0754 deg-C; mdot_t2= 30.8072 kg/min; mdot_v2= 0.2398 kg/min;
mdot_g2= 0.2664 kg/min;
State-3: MoistAir > MA-Model;
Given: p3= 101.325 kPa; Vel3= 0.0 m/s; z3= 0.0 m;
mdot3= “mdotl+mdot2” kg/min;
Calculated: T3= 20.5585 deg-C; v3= 0.8447 m~3/kg; u3= -39.3202 kJ/kg;
h3= 44.9742 kJ/kg; e3= -39.3202 kJ/kg; j3= 44.9742 k] /kg;
Voldot3= 45.0005 mA3/min; A3= 75000.77 mA2; p_v3= 1.5362 kPa;
p_a3=99.7888 kPa; p_g3= 2.4243 kPa; RH3= 63.3657 %;
omega3= 0.0096 kg-H20/kg-d.a.; T_dp3= 13.3696 deg-C; T_wb3= 16.0446 deg-C;
mdot_t3= 53.7823 kg/min; mdot_v3= 0.5101 kg/min; mdot_g3= 0.805 kg/min;
#-———Property spreadsheet starts: #

H O H OH OB OB O O H OH O OH O OH OB OH O H W W O OB OH OH O H OB OH OH OB B

State  DBT(K) WBT(K) DPT(K) v(m3/kg-da.) RH. h(kJ/kg) Omega(kg-H20/kg-d.a.)
#1 305.2 294.6 289.8 0.8809 0.4 62.6 0.0119

#2 285.2 284.2 283.5 0.8179 0.9 31.9 0.0078

#3 293.7 289.2 286.5 0.8447 0.63 45.0 0.0096

# Analysis

# Device-A: i-State = State-1, State-2; e-State = State-3; CoolingTower: false;

# Given: Qdot= 0.0 kW; Wdot_ext= 0.0 kW;
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Prob.7.5.9 A wet cooling tower is to cool 25 kg/s of water from 40 C to 30 C at a location where the
atm. pressure is 96 kPa. Atm. air enters the tower at 20 C and 70% RH and leaves saturated at 35 C.
Neglecting the power input to the fan, determine: (a) volume flow rate of air in to the tower, and (b)

mass flow rate of required make up water. [Ref: 1]

TEST Solution:

Here, we use the Open-System-Psychrometry daemon (as in Prob.7.5.5)

1. Choose H20 as the working substance, fill in the data for State 1, i.e. water entering the
tower: Enter pl = 96 kPa, T1 = 40 C, mdotl = 25 kg/s. Hit Enter. We get:

Move mouse over a variable to display its value with more precision

# Mixed ( Sl ( English < il ¥ Help Messages On Super-lterate Super-Calculate m Super-inifialize |

State Panel Device Fanel | /0 Panel I

@5tate-1 I Calculate Mo-Plots v Initialize | Subcooled Liguid

_| _I omegaft i

i kPs v I kP v | % v | kgH20Kgda  v|| degC W
_i T wbi mdot_t1 _i midot 1 _i mdot_g1
I deg-C A I kg/min b I kg/min b I kg/min Rvs

2. For State 2, i.e. water leaving the tower: Enter p2 = p1, T2 = 30 C, hit Enter. We get:

2= fraction [Quality]

% Mixed 81 ( English P .il ¥ Help Messages On Super-lterate I Super-Calculate m Super-nitialize

State Panel Device Panel | 10 Panel |

ostate2 v Calculate | No-Plots v Initialize | |Subcaoled Liquid
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3. For State 3, i.e. air entering the tower: Now, change the substance to moist air, enter p3 = 96
kpa, T3 = 20 C, RH3 = 90%, hit Enter. We get:

Move mouse over avariable to display its value with more precision.

# Mixed ¢ SI ¢ English j.oase-ﬂ v'j ¥ Help Messages On Super-terate Super-Calculate Super-nitialize

State Panel | Device Panel | 10 Panel |

ﬂ@sté.te—e _v:j Calculate I .I{Io—i:'.lo.ts | |L1.:. model: Dry Air+H20 r;10i5T..Air w
Y| p3 ﬂ T3 J X3 J ¥3 J v3
J u3 J h3 v Vel3 | =3 J e3
3664183 [kaeg + | [47 40299 | ik | iz v _ m v | 3664183 [iig v|
J 3 J mdot3 J Voldot3 J A3 J p_v3
49222 0 ne v ks v |msmin v 2 v /183738 CE
J p a3 J P g3 ﬂ RH3 J omega? J T dp3
04 3627 [kea v|[2338 [kPa ~| S v [o.01079 |kg-H20Mg-da. | [14.35763 degC v
J T _whb3 mdot_t3 J mdot_v3 J mdot_g3
16.3286 ”:Ieg-E R | kgvmin v :kgm'am v' kgimin W I
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4. For State 4, i.e. air leaving the tower: enter p4 = p3, T4 = 35 C, RH4 = 100% (since

saturated), and mdot4 = mdot3 (since amount of dry air does not change), hit Enter. We get:

Move mouse over a variable to display its value with more precision.

> ¥ Help Messages On Super-lterate | Super-Calculate m m

State Panel I Device Fanel | 0 Panel |

&~ Mixed ¢ SI ¢ English

©State-4 v | calcuiate || No-Plots v [ iniiaiize | [MA model: Dry AireH20 - Moistair v .

x4 _| y4
- deg-C ! ction I fraction
Veld

il mdotd Voldotd

kJikg v ;:mnmg kals | m*3min | m*2 bl
Y| RH4 omegad

T_wbd mdot_t4 _| mdot_v4 _] mdot_gd

vl kgimin v| kgimin vl kgimin v

Amountofmdot4 will beautomatically postedlater, after we complete the Device panel and SuperCalculate.

5. Now, go to Device panel. Important: change the radio button to Cooling Tower. Looking
at the schematic of cooling tower given there, fill in i1-State, i2-state el-state and e2-state

carefully. See below. Also, Wdot_ext = 0 and Qdot = 0. Click Enter. We get:

Move mouse over a variable to display its value with more precision.

& Mixed ( Sl ( English < > ¥ Help Messages On Super-iterate Super-Calculate | Superinitialize |

State Panel | Device Panel 10 Panel |

Device-A[3,1-42] |+ Calculate ic Devi & Cooling Tower
8- L State-3 ¥ (i2-State:  Eeig] Y eﬁStalé:' State-4 o= S State-2 v

[k

Wet Cooling Tower, Steady Mixing Device - A
Mass, Dry Gas: M, =m,,

Hy001 1 =My TR

H,0: 1 :
Energy: 1 WinHip:

i B Work in negative
0 (mrlfrl +m12.j.’3) { Py for M fs ) +Q ; Heat in positive

H,0.42 Hy0e2

Juea

Mote: Load states consistent with this diagram so =
that il- and e1-States handle the air low and i2- A - ; Cooled
and e2-States handle the water flow, = = Water
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6. Click on SuperCalculate. Now, all calculations are up-dated and relevant parameters are

posted to respective State panels. Go to State 2, and see the following:

Move mouse over avariable to display its value with more precision

 Mixed ¢ SI { English < ﬂ ¥ Help Messages On Super—lteratel Super-Calculate m Super-nitialize

State Panel | Device Panel 10 Panel |

©State-2 v I Calculate | MNo-Plots - Initialize |Subcooled Liquid - .
* | n M x2 J y2
| ren | s~
u2 h2 | e v |=2 e2
Voldot2 D v2
kikg |1479m kalmin m | KPa v

_l D az2 _l o g2 _l RH2 omegaz _| T dp2
| (s v [ | I_II [ateorgda  v]| degC v

J T _wb2 mdot_t2 J mdot v2 J mdot_g2
| deg-C v| kgiminn vl kgimin v| kevimin v

Note that the quantity of water leaving the tower = mdot2 = 1479 kg/min.

7. State 3 shows:

Move mouse over a variable to display its value with more precision.

# Mixed © Sl ¢ English <ﬂ ¥ Help Messages On Super—neratel Super-Calculate m m

State Panel | Device Panel 10 Panel |

=ra [ iniiatize | |18 modal: Dry AirrH20 -Mo.sm .
| p3 7 s J x3 _] ¥3
h—hl-_u i |_|h—
vei3
m m _ L g ]
Voldot3
|mm o] W )
0mega3

T_wb3 mdot_t3 _l mdot_v3 mdot_g3

Note that Volume of air entering the tower = Voldot 3 = 667.8 m"3/min = 11.13 mA3/s .... Ans.
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8. And, State 4 shows:

Move mouse over a variable to display its value with more precision.

# Mixed s English < _:J ¥ Help Messages On Super-lterate Super-Calculate | m Supernitialize

State Panel Device Panel | 1i0 Panel |

| No-Plots v | | |nman=e| {114 model: Dry Air+H20 ‘Mgiswr v!

Y| p4 V| T4 J x4 _J yd _J vd
kPa w deg-C | | fraction I recf on 1997569 |m"“.l’kg v|
_J ud _J hd4
RS s | R4S s ‘h |h wm s
4 ¥ |  mdotd Voldot4 _J p vd
fma 678 | klikg v| kgiz ]m{g,ﬁ [ mv3imin Immmo 3 ]5 63517 |kPs v

J p_ad o g4 oimegad _J T_dp4
]9035433: |kPa vJ}a_a_a‘a'ﬂ' kP2 | [n,o:;g?g kg-H20/g-d.a. v }3&99996 |deg—C v|
_J T_wbd mdot_td _J mdot_v4 _J mdot_g4d

|34.99998 deg-c  v|[77807263  |[ymin  +|[29.05301 [kgmin  +||20.05301 [ kgtmin -

Therefore, make up water required = (mdot4 - mdot3) = 20.97 kg/min = 0.35 kg/s ... Ans.
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9. 1/0O panel gives TEST code etc:

B o s o o o 0 OUTPUT OF SUPER-CALCULATE
# TESTcalc Path: Systems>Open>SteadyState>Specific>HVAC; v-10.ce02;
#om Start of TEST-code ——- - - - -
States {
State-1: H20;

Given: { pl= 96.0 kPa; T1= 40.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl= 25.0 kg/s; }

State-2: H20;

Given: { p2= “p1” kPa; T2= 30.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m; }

State-3: MoistAir;

Given: { p3= 96.0 kPa; T3= 20.0 deg-C; Vel3= 0.0 m/s; z3= 0.0 m; RH3=70.0 %; }

State-4: MoistAir;

Given: { p4= “p3” kPa; T4= 35.0 deg-C; Vel4= 0.0 m/s; z4= 0.0 m; mdot4= “mdot3”
kg/s; RH4= 100.0 %; }

Analysis {

Device-A: i-State = State-3, State-1; e-State = State-4, State-2; CoolingTower: true;

Given: { Qdot= 0.0 kW; Wdot_ext= 0.0 kW; }
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#ooee*DETAILED OUTPUT:

# Evaluated States:
State-1: H20 > MA-Model;
Given: pl= 96.0 kPa; T1= 40.0 deg-C; Vell= 0.0 m/s;
z1= 0.0 m; mdotl= 25.0 kg/s;
Calculated: v1=0.001 mA3/kg; ul= 167.5615 kJ/kg; h1= 167.6582 kJ/kg;
el=167.5615 kJ/kg; j1= 167.6582 kJ/kg; Voldotl= 1.5114 m/3/min;
Al=2518.9243 m~A2;
State-2: H20 > MA-Model;
Given: p2= “p1” kPa; T2= 30.0 deg-C; Vel2= 0.0 m/s;
z2= 0.0 m;
Calculated: v2=0.001 mA3/kg; u2= 125.7857 kJ/kg; h2= 125.8821 kJ/kg;
e2=125.7857 kJ/kg; j2= 125.8821 kJ/kg; mdot2= 1479.0306 kg/min;
Voldot2= 1.485 mA3/min; A2=2474.9114 mA2;
State-3: MoistAir > MA-Model;
Given: p3= 96.0 kPa; T3= 20.0 deg-C; Vel3= 0.0 m/s;
z3= 0.0 m; RH3= 70.0 %;
Calculated: v3=0.8916 m~3/kg; u3= -36.6418 kJ/kg; h3= 47.4922 kJ/kg;
e3= -36.6418 kJ/kg; j3= 47.4922 kJ/kg; mdot3= 749.0196 kg/min;

HOoH O H ¥ O H OB O H O OH OB OH OH O H OH W H B
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Voldot3= 667.828 mA3/min; A3= 1113046.8 mA2; p_v3= 1.6373 kPa;
p_a3= 94.3627 kPa; p_g3= 2.339 kPa; omega3= 0.0108 kg-H20/kg-d.a;
T_dp3= 14.3576 deg-C; T_wb3= 16.3286 deg-C; mdot_t3= 757.1034 kg/min;
mdot_v3= 8.0837 kg/min; mdot_g3= 11.5482 kg/min;
State-4: MoistAir > MA-Model;

Given: p4= “p3” kPa; T4= 35.0 deg-C; Vel4= 0.0 m/s;
z4= 0.0 m; mdot4= “mdot3” kg/s; RH4= 100.0 %;

Calculated: v4= 0.9787 mA3/kg; ud= 46.2389 kJ/kg; h4= 134.678 kJ/kg;
e4= 46.2389 kJ/kg; j4= 134.678 kJ/kg; Voldot4= 733.0571 mA3/min;
A4=1221762.0 m~2; p_v4= 5.6352 kPa; p_ad= 90.3648 kPa;
p_g4= 5.6352 kPa; omega4= 0.0388 kg-H20/kg-d.a.; T_dp4= 35.0 deg-C;
T_wb4= 35.0 deg-C; mdot_t4= 778.0726 kg/min; mdot_v4= 29.053 kg/min;
mdot_g4= 29.053 kg/min;

#-———Property spreadsheet starts: #

State  DBT(K) WBT(K) DPT(K)v(m3/kg-da.) RH. h(kJ/kg) Omega(kg-H20/kg-d.a.)
#1 313.2 0.001 167.7
#2 303.2 0.001 125.9
#3 2932  289.5 287.5 0.8916 0.7 47.5 0.0108
#4 308.2 308.1 308.1 0.9787 1.0 134.7 0.0388
# Analysis
# Device-A: i-State = State-3, State-1; e-State = State-4, State-2; CoolingTower: true;
# Given: Qdot= 0.0 kW; Wdot_ext= 0.0 kW;
7.6 References:
1. Yunus A. Cengel & Michael A. Boles, Thermodynamics, An Engineering Approach, 7 Ed.
McGraw Hill, 2011.
2. Sonntag, Borgnakke & Van Wylen, Fundamentals of Thermodynamics, 6™ Ed. John Wiley &
Sons, 2005.
3. Michel ]. Moran ¢ Howard N. Shapiro, Fundamentals of Engineering Thermodynamics,
4™ Ed. John Wiley & Sons, 2000.
4. PK. Nag, Engineering Thermodynamics, 2" Ed. Tata McGraw Hill Publishing Co., 1995.
5. R.K. Rajput, A Text Book of Engineering Thermodynamics, Laxmi Publications,
New Delhi, 1998.
6. Domkunndwar et al, A course in Thermal Engineering, Dhanpat Rai & Co., New Delhi, 2000.
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7. http://www.conservationphysics.org/atmcalc/atmoclc2.pdf “Equations describing the

physical properties of moist air”
8. http://www.sugartech.com/psychro/index.php Sugar Engineers’ Library — “Psychrometric

Calculator”
9. http://www.numlog.ca/psychrometrics/psychrocalc.html PsychroCalc - “Stand alone

calculator”

10. http://www.ce.utexas.edu/prof/Novoselac/classes/ ARE383/Handouts/FO1_06SI.pdf...Chapter
6, Psychrometrics — 2001 ASHRAE Fundamentals Handbook (SI)

11. ftp://www.ufv.br/Dea/Disciplinas/Evandro/Eng671/Aulas/Aula03-2-Numerical%20
calculation%200f%20psychrometric%20properties%20in%20S1%20units.pdf “Numerical

Calculation of Psychrometric Properties” by Luther R Wilhelm
12. www.thermofluids.net TEST Software
13. http://www.engineeringtoolbox.com/humidity-measurement-d 561.html

14. http://www.ohio.edu/mechanical/thermo/Applied/Chapt.7 11/Chapter10b.html
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8 Reactive Systems

Learning objectives:

1.
2.

In this chapter, basically, the topic of ‘Combustion’ is dealt with.
Combustion requires a fuel, an oxidizer, and the mixture should be brought up to the

ignition temp.

3. Fuel may be in solid, liquid or gaseous state, and is essentially a hydrocarbon.

Oxygen is the oxidizer and is generally supplied as air.

5. Air contains 21% by volume of oxygen and 79% by volume is nitrogen. Composition by mass

is 23% for O2 and 77% for N2.

Combustion equations are mole equations i.e. by volume.

7. When air is supplied for combustion, therefore, each mole of O2 that participates in combustion

is accompanied by (79/21) = 3.76 moles of N2.

8. Combustion equations are balanced by atoms of each constituent in LHS and RHS.

9. Stoichiometric Air-Fuel (AF) ratio, actual AF ratio, percent excess air, equivalence ratio

10.
11.
12.
13.

14.

. Also, many useful functions are written in Mathcad and EES and several problems are solved

etc are explained.

Enthalpy of formation of compounds, enthalpy of combustion or enthalpy of reaction

are explained.

Tables of enthalpies of formation and other tables for enthalpies of different species required
for combustion calculations are presented.

Formulas and functions to determine molar sp. heats at constant pressure for different species
are also presented.

First Law for Closed systems and Open systems with reference to combustion are mentioned.

Heat transfer during combustion and Adiabatic flame temp are explained.

using Mathcad, EES and TEST to illustrate the problem solving techniques in this chapter.

8.1.1

Definitions, Statements and Formulas used [1-11]:

Requirements of combustion:

Combustion is a chemical reaction during which a fuel is oxidized and energy is released. Thus, for

combustion, we need: (i) a fuel, (ii) oxygen, generally supplied as air, and (iii) fuel must be brought

above ignition temp.

Ignition temps: Petrol ... 260 C, Carbon ... 400 C, Hydrogen ... 580 C, Carbon Monoxide ... 610 C,
Methane ... 630 C.
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Fuel... may be solid (ex: coal, wood), liquid (ex: petroleum products, or gas (ex: natural gas)

80% of world’s fuel is fossil fuels, i.e. hydrocarbons whose main composition is Hydrogen (H2), Carbon
(C), Nitrogen (N2), Sulphur (S), ash, moisture etc.

Composition of coal varies depending on geographical location.

Analysis of coal: There are two types: Proximate analysis and Ultimate analysis.

Proximate analysis is mainly for moisture content, volatile matter, fixed carbon and ah. Mstly required

for commercial purposes.

Ultimate analysis is to find percentage of ultimate constituents such as C, H2, 02, N2, S, ash etc. This is

mainly required for combustion calculations and research.

Typical Ultimate analysis(%) of coal:

Coal C H (o) N+S Ash
Anthracite 90.27 3.0 2.32 1.44 297
Bituminous 74 5.98 13.01 2.26 4.75
Lignite 56.52 5.72 31.89 1.62 4.25

8.1.2 Composition of Air: Generally taken as:

21% oxygen and 79% nitrogen .... by volume, and

23% oxygen and 77% nitrogen .... by mass

Thus, each volume of oxygen entering a combustion chamber will be accompanied by 79/21 = 3.76

volume of nitrogen.

8.13 Combustion equation:

Consider following typical equation:

C+ 0,=CO,

This means:

1 mole of Carbon + 1 mole of Oxygen gives 1 mole of Carbon dioxide.
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LHS is known as ‘Reactants’ and RHS as ‘Products’.
Chemical equations are mole equations, i.e. coeflicient of each constituent gives its no. of moles.

Since by Avogadro’s Law, 1 mole of any Ideal gas occupies the same volume at the same P and T, chemical

equations are also volume equations, i.e. coeffs give volumes.

Balancing the chemical equation:

Remember: no. of atoms of each H, O, N, C, S etc in the LHS should be equal to the numbers in RHS.
Balancing by mass: use the relative atomic mass of each element:

12 kg [C] + 32 kg [02] = 44 kg [CO2]

360°
thinking
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Relative atomic masses:

Substance Symbol Rel. atomic mass Rel. molecular mass
Carbon C 12 -

Hydrogen H2 1 2

Oxygen 02 16 32

Nitrogen N2 14 28

Sulphur S 32 -

Carbon monoxide co - 28

Carbon dioxide co2 - 44

Water H20 - 18

Note: 1 mole = mass of substance / Mol. weight

8.14 Air/Fuel ratio (AF): Usually expressed on mass basis.

m.:
AF=

= ratio of mass of air to mass of fuel in a combustion process
Mfiye]

Fuel-Air ratio = 1/AF

Complete and incomplete combustion:

Combustion process is complete when all carbon burns to CO2, all hydrogen burns to H20, and all

sulphur burns to SO2.

Combustion process is incomplete when products contain any un-burnt fuel or components such as C,
H, CO, OH.

If a fuel C H_burns completely in a combustion chamber, we show it as follows:

Fuel C.H. n. CO2 +(m/2) H20 +excess 02, N2

—»

Combustion chamber

¥

Alr —

Hydrogen in fuel normally burns to completion forming H2O since oxygen is more strongly attracted

to hydrogen.

Carbon ends up as CO in incomplete combustion.

146
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8.1.5 ‘Stoichiometric’ or ‘Theoretical’ Air:.

It is the minimum amount of air required for complete combustion of fuel.

It is also expressed as ‘chemically correct’ or ‘100% theoretical air’.

For example, for complete combustion of Methane (CH4):

CH4 + 2.[02 + 3.76 N2] = CO2 + 2.H20 + 7.52 N2

In the above, LHS is the Reactants, RHS is the Products.

First term in LHS is fuel, second term is air (i.e. O2 + accompanying N2).

Note that there is no C, H2, CO, OH, or free O2 in products.

Excess air: Generally, excess air is supplied to ensure complete combustion (or, to reduce temp of products

as in gas turbines). This is expressed in terma of stoichiometric air, as follows:

“50% excess air" — means 150% theoretical air.

“90% Theoretical air" --> means 10% deficient air.

Equivalence ratio (¢):

It is defined as:

Actual FA ratio

$ = Equivalence ratio = — - -
Stoichiometric FA ratio

8.1.6 Exhaust gas analysis — Orsat Apparatus:

When combustion is complete, composition of products is easily predicted by writing the combustion
eqn. But, in practice, combustion processes are seldom complete, and composition of products is found

out by direct measurement. Orsat apparatus is generally used for this purpose.
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Principle of Orsat apparatus is as follows:

A known volume of products is collected at known P and T. Then, this sample is brought in contact
with KOH, which absorbs CO2. Then, the remaining gas is brought back to same P and T and the new
volume is measured. Assuming ideal gas behavior, ratio of reduction in volume to original volume gives

the mole fraction of CO2 in products.

For example, if original P, T, and volume were 100 kPa, 25 C and 1 lit, and after absorption of CO2 the
corresponding values were 100 kPa, 25 C and 0.9 lit, then:

Mole fraction of CO2 =y_, =0.1/1 =0.1.
Next, by similar procedure, absorb O2 with pyragollic acid, bring the sample back to original P and
T, and find out its mole fraction in products. Then, absorb CO with cuprous chloride and repeat the

procedure to find out the mole fraction of CO.

Note that analysis by Orsat apparatus is on ‘dry basis, i.e. water vapor is not found out.

REALLY

Grant Thornton—a'great place to work.

We’re proud to have been recognized as one of Canada’s
Best Workplaces by the Great Place to Work Institute™ for
the last four years. In 2011 Grant Thornton LLP was ranked
as the fifth Best Workplace in Canada, for companies with
more than 1,000 employees. We are also very proud to be
recognized as one of Canada’s top 25 Best Workplaces for

Priyanka Sawant

Women and as one of Canada’s Top Campus Employers. Manager

GREAT

PLATCOE BEST Canada’s Top
\W(®J{§ workplaces ﬁcam pU (=]
INSTITUTE Employers [ ]

CANADA: DECODE | Brainstorm

. . ° Grant Thornton
Audit « Tax « Advisory

www.GrantThornton.ca/Careers An instinct for growth’

© Grant Thornton LLP. A Canadian Member of Grant Thornton International Ltd

148 Click on the ad to read more

Download free eBooks at bookboon.com


http://s.bookboon.com/GTca

8.1.7 Enthalpy of formation:

Consider the steady flow combustion of carbon and oxygen to form CO2. Let the C and O2 enter the
combustion chamber at 1 atm. pressure, 25 C, and let the products also leave at 1 atm. and 25 C. In this

case, there will be heat transfer out of the combustion chamber, as shown below:

c 25C,
1 atm
———* Combustion chamber ’
25C, >
1 atm —_—

co2
02 \‘

Q = -393,522 kJ/kg mol
of CO2

Measured value of heat transfer is -393522 kJ/kg mol of CO2 formed.
Applying the I Law to the reaction:
H +Q=H, where H = enthalpy of reactants, H = enthalpy of products

ie.

anhl +Q= zﬂe'he
T £

Now, enthalpy of elements in the standard reference state of 25 C, 1 atm is assigned the value of zero.

So, in the above reaction H_= 0. So, the energy eqn gives:
Q =H, = -393522 k]/kg mol. Negative sign indicates an exothermic reaction, i.e. heat is released.
This is known as enthalpy of formation (h,) of CO2 at 25 C, 1 atm.

Remember that enthalpy of formation for all stable elements such as C, H2, O2, N2 is zero. Enthalpy of

formation for several compounds at 1 atm, 25 C, is given in the following Table: (Ref: [9], TEST Software)
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| Table G-1, Reactions: Enthalpy of Formation Table |
SI Units ] English Units
Molar Specific Enthalpy of Formation, Gibbs Function of Formation, and
Absolute Entropy at 25°C, 1 atm

it hf gz, 5°
Substance l;;::::;? - v
kglkmol | kJ/kmol @ kJikmol | kJ/kmol-K
Carbon C(s) 12.01 0 0 hid
Hydragen HZ(ag) 20z 0 0 130.68
Mitrogen MZ2(g) 28.01 0 0 181.61
Chygen O2(g) 32.00 0 0 205.04
Carbon Monoxide  CO(g) 28.01 110520 -137150 187.65
Carbon Dioxide CO2(g) 4400 -393520 -394 360 213.80
Water Vapor H20(g} 18.02 -241820 -228590 188.83
Water H20(1) 18.02 -285820 -237180 69.92
Hydrogen Peroxide H202(g) 24.02  -136210 -105,600 23263
Ammaonia MH3(g) 17.03 -46,190 -16,590 192 33
Methane CH4(g) 16.04 -74,850 -50,790 186.16
Acetylens C2H2(g) 2604 226730 209170 20085
Ethylene C2H4(g) 28.05 52,280 62,120 21983
Ethane C2HEB(g) 30.07 -84,680 -32,890 229449
Propylene C2HG(g) 42.05 20,410 62,720 266.94
Fropane C3H3ig) 4410 -103,850 -23,490 269.91
n-Butane C4H10(g) 5812 126150 -15,710 21012
n-COctane(l) CaH1&() 11423 -248 950 6,610 360.79
n-Cctane(g) CEH18(g) 11423 -208 450 16,530 466.73
n-Ciodecane C12H26(g) 17022 -291,010 50,150 62283
Benzene CEHE(g) 78.11 82930 129,660 269.20
Methyl Alcohol CH30H(g) 32.04 -200670 -162000 239.70
Methyl Alcohol CH30H() 3204 -238660 -166360 126.80
Ethyl Alcohol C2H50H(g) 46.07 -235310 168570 282549
Ethyl Alcohol C2H50H() 46.07 277,690 -174,880 160.70
Chygen (atomic) O(g) 16.00 249190 231,770 161.06
Hydrogen (atomic) H(g) 1.01 218,000 203,290 11472
Mitrogen (atomic)  M(g) 14.01 472 650 455 510 153.30
Hydroxyl (radical)  OH(g) 17.01 30460 34,290 183.70
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8.1.8 Evaluating Enthalpy:

We have seen that enthalpy of formation was defined when a compound is formed at the ‘reference state’
of latm, 25 C. In most cases, however, reactants and products are not at reference state, and then the
specific enthalpy of a compound is determined by adding the specific enthalpy change Ah between the

standard state and the state in question to the enthalpy of formation. i.e.

hy = hy+ (B(T.p) ~ h(Trp.preg]) = by + 20

Urieli has calculated the values of Ah for CO2, CO, H20, N2, and O2, based on data from TEST software,
and those Tables are given below [Ref. 10]. They will be useful to calculate the enthalpies at conditions

other than the standard or reference state.

Ideal Gas Enthalpy of Carbon Dioxide (CO2)
Enthalpy of Formation: -393,522 (kJ/kmol)
Molecular Weight: 44.01 (kg/kmol)

hﬂmiKﬂ Enthalpy ‘ Temp. ‘ Enthalpy ‘Pﬂp ‘ Enthalpy ‘Bﬂp ‘ Enthalpy
kI kemol] (K] (k] kemol] K] [kJ/kmol] (K] k] kemol]

| 208 0

| 300 67 | 650 15310 | 1000 33432 | 1700 73492
| 310 43 | 660 15796 | 1020 34495 | 1720 74679
| 320| 822 | 670| 16284 | 1040| 35589 | 1740| 75867
| 330| 1206 | 680| 16774 | 1060| 36687 | 1760| 77056
| 340| 1595 | 690| 17267 | 1080| 37789 | 1780| 78248
| 350 1987 [ 700] 17761 | 1100 38894 | 1800 79442
| 360 2384 | 710 18258 | 1120 40005 | 1820] 80636
| 370 2784 | 720 18757 | 1140 41120 | 1840 81832
| 380 3188 | 730 19258 | 1160 42238 | 1860| 83030
| 390 3506 | 740 19760 | 1180 43060 | 1880] 84229
| 400| 4008 | 70| 20265 | 1200] 44484 | 1900] 85429
| 410| 4423 | 760] 19771 | 1220 45613 | 1920] 86631
| 420| 4842 | 770| 21280 | 1240] 46744 | 1940] 87833
| 430| 4964 | 780] 21790 | 1260| 47880 | 1960| 89037
| 440| 5690 | 790 21801 | 1280| 49017 | 1930| 90242
| 450 6119 | 800| 22815 | 1300 50158 |  2000| 91440
| 460 6552 | 810 23330 | 1320 51302 | 2050 94471
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| 470| 6987 | 820 23848 | 1340] 52449 | 2100| 97500
| 480| 7427 | 830 24366 | 1360] 53599 | 2150| 100534
| 490| 7868 | 840 24887 | 1380| 54752 | 2200] 103575
| 500 8314 | 830 25409 | 1400] 55007 | 2250| 106620
| 510 8762 | 860 25032 | 1420] 57063 | 2300] 109671
| 520 9212 | 870 26457 | 1440] 58222 | 2350| 112727
| 530 9665 | 880 26983 | 1460| 59384 | 2400| 115788
| 540 10121 | 890 27512 | 1480] 57547 | 2450| 118855
| 550 10581 | 900 | 28041 | 1500] 61714 | 2500| 121926
| 560 1043 | 910] 28571 | 1520 62882 |  2550| 125004
| 570 11506 | 920 20103 | 1540] 64053 |  2600| 128085
| 580 1973 | 930 29636 | 1560] 65226 |  2650| 131169
| 590 12443 | 940 30171 | 1580 67403 | 2700| 134256
| 600 12016 | 950 30706 | 1600 67580 |  2750| 137349
| 610 13300 | 960 | 31243 | 1620] 68759 |  2800| 140444
| 620 13867 | 970 31781 | 1640] 69939 | 2850| 143544
| 630 14345 | 980 32321 | 1660 71122 | 2900 146645
| 640 14826 | 990 32862 | 1680] 72306 | 3000] 152862
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Ideal Gas Enthalpy of Carbon Monoxide (CO)
Enthalpy of Formation: -110,527 (kJ/kmol)
Molecular Weight: 28.01 (kg/kmol)

hﬁmlm‘ Enthalpy ‘Bﬂp ‘ Enthalpy ‘nﬂp ‘ Enthalpy ‘nﬂp ‘ Enthalpy
[icJ/kmol] [X] [kcJ ko] K] [kJ/kmol] K] [kJ/kmol]
| 208 0
| 300 54 | 650 10472 | 1000| 21686 | 1700 45940
| 310 345 | 660 10780 | 1020] 22351 | 1720] 166354
| 320 637 | 670 11089 | 1040 23019 | 1740] 47370
| 330 928 | 80| 11399 | 1060| 23688 | 1760 48087
| 340 1220 | 690 11709 | 1080 24360 | 1780| 43804
| 350 1512 | 700 12021 | 1100] 25033 | 1800| 49522
| 360 1804 | 710 12333 | 1120] 25708 | 1820] 50241
| 370 2096 | 720| 12646 | 1140| 26385 | 1840] 50960
| 380 2389 | 730 12059 | 1160| 27064 | 1860| 51682
| 390 2682 | 740| 13274 | 1180| 27737 | 1880| 52403
| 400| 2975 | 750 13589 | 1200] 28426 | 1900| 53125
| 410| 3269 | 760 13904 | 1220 20111 | 1920] 53847
| 420| 3563 | 770 14221 | 1240 29797 | 1940] 54569
| 430| 3857 [ 780 14539 | 1260| 30485 | 1960 55292
| 440| 4152 | 790 14857 | 1280| 31175 | 1980] 56015
| 450| 4447 | 800 15175 | 1300| 31865 | 2000] 56739
| 460| 4743 | 810 15495 | 1320] 32557 | 2030] 58555
| 470| 5039 | 820 15814 | 1340 33250 | 2100] 60375
| 480| 533 | 830 16134 [ 1360 33944 [ 2150] 62195
| 490| 5633 | 840 16455 [ 1380] 34640 | 2200] 64019
| 500 5931 | 830 16777 [ 1400 35358 | 2250] 65847
| 510 6229 | 860 17099 [ 1420] 36038 | 2300] 67676
| 520 6522 | 870 17422 [ 1440 36739 | 2350] 69509
| 530 6828 | 880 17746 | 1460 37441 | 2400 71346
| 540 7128 | 890 18071 [ 1480] 38144 [ 2450] 73183
| 550 7428 | 900 18397 [ 1500] 38848 | 2500] 75023
| 560 7730 | 910 18723 | 1520 39553 | 2550] 76868
| 570 8032 | 920 19050 | 1540 40259 | 2600| 78714
| 580 8334 | 930 19377 | 1560 40966 |  2650| 80561
| 590 8638 | 940 19706 | 1580 41675 | 2700| 82408
| 600 | 8942 | 950 20034 | 1600] 42384 | 2750| 84261
| 610 9246 | 960 | 20364 | 1620] 43094 | 2800| 86115
| 620 9552 | 970 20693 | 1640] 43803 | 2830| §7970
| 630 9gse | 980 | 21024 | 1660 44515 | 2900| 89826
| 640 | 10164 | 990 | 21355 | 1680| 45226 | 3000| 93541
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Ideal Gas Enthalpy of Water Vapor (H20)
Enthalpy of Formation: -241,826 (kJ/kmol)
Molecular Weight: 18.015 (kg/kmol)

‘Temp_ K] ‘ Enthalpy ‘ Temp. ‘ Enthalpy ‘ Temp. ‘ Enthalpy ‘ Temp. ‘ Enthalpy
[k /kmol] K] [iJ kemol] K] [k kemol] K] [kJ kemol]

| 298| 0

| 300 62 | 650 12326 | 1000| 25978 | 1700| 57685
| 310 398 | 660| 12696 | 1020] 26805 | 1720] 58663
| 320 735 | 670 13066 |  1040| 27638 | 1740] 59646
| 330 1072 | 680 13438 | 1060| 28476 | 1760| 60631
| 340 1410 | 690 | 13810 | 1080| 29319 | 1780| 61619
| 350 1748 | 700 14184 | 1100] 30167 | 1800| 62609
| 360 2088 | 710| 14560 | 1120| 31019 | 1820] 63603
| 370 2427 | 720 14936 | 1140| 31876 | 1840] 64602
| 380 2768 | 730 15314 | 1160| 32738 | 1860| 65602
| 390 3110 | 740 15693 |  1180| 33605 | 1380] 66607
| 400| 3452 | 750| 16073 | 1200| 34476 | 1900] 67613
| 410] 3795 | 760 16454 | 1220] 35352 | 1920] 68623
| 420 4139 | 770 16837 | 1240 36233 | 1940 69636
| 430| 4484 | 780 17221 | 1260| 37118 | 1960 70651
| 440 4830 | 790 17606 | 1280| 38008 | 1980| 71669
| 4350 5176 | 800 | 17992 | 1300| 38903 | 2000] 72689
| 460| 554 | s10| 18380 | 1320| 39803 | 2050] 75252
| 470 5873 | 820 18768 | 1340] 40708 | 2100 77849
| 480| 6222 |  830| 19158 | 1360| 41617 | 2150] 80426
| 490 6573 | 840 19550 | 1380] 42530 [ 2200 83036
| 500 6924 | 850 19942 | 1400] 43447 | 2250 85658
| 510 7277 | 860| 20336 | 1420] 44369 | 2300 88295
| 520 7630 | 870 20731 | 1440 45204 | 2350 90942
| 530 7985 [ ss0] 21128 | 1460] 46224 | 2400 93604
| 540 8341 | 890] 21525 | 1480 47158 | 2450 96279
| 550 8697 | 900] 21924 | 1500 48095 | 2500 98964
| 560 9055 [ 10| 22324 | 1520 49038 | 2530 101661
| 570 9414 [ 920] 22725 | 1540 49984 | 2600 104379
| 580 9774 [ 930] 23128 | 1560 50934 | 2650| 107087
| 590 10135 | 940] 23532 | 1580 s1gggs | 2700| 109813
| 600 10498 | 930] 23937 | 1600 52844 | 2750| 112549
| 610 10861 | 960] 24343 | 1620 53805 | 2800| 115294
| 620 1226 [ 970] 24749 | 1640 54771 | 2850| 118048
| 630 1591 | 980] 25157 | 1660 55739 | 2900| 120813
| 640 1958 [ 990] 25568 | 1680 56710 | 3000| 126360
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Ideal Gas Enthalpy of Nitrogen (N2)
Enthalpy of Formation: 0 (kJ/kmol)
Molecular Weight: 28.013 (kg/kmol)

‘Temp_ K] ‘ Enthalpy ‘ Temp. ‘ Enthalpy ‘ Temp. ‘ Enthalpy ‘ Temp. ‘ Enthalpy
[k kemol] K] [ femol] K] [ emol] K] [kJkmol]

| 298| 0

| 300 54| 650 10406 | 1000| missing | 1700] 45430
| 310 345 | 660 10711 [ 1020 2115 [ 1720] 46138
| 320 637 | 670 11016 | 1040 22773 | 1740] 46847
| 330 928 | 680 1322 | 1060 23432 | 1760| missing
| 340 1219 | 690 1628 | 1080 24093 | 1780| 48269
| 350 1511 | 700 11935 | 1100 24757 | 1800] 48982
| 360 1802 | 710 12243 | 1120] 25423 | 1820] 49694
| 370 2094 | 720 12551 | 1140] 26091 | 1840] 50406
| 380 2386 | 730 12860 | 1160| 26761 | 1860| 51121
| 390 2678 | 740 13170 | 1180| 27435 | 1880| 51835
| 400 2971 | 750 13480 | 1200] 28108 | 1900] 52551
| 410| 3263 | 760 13791 | 1220] 28783 | 1920| 53267
| 420 3556 | 770 14103 | 1240] 29460 | 1940] 53985
| 430 3849 | 780 14416 | 1260| 30138 | 1960| 54712
| 40| 4142 | 790] 14729 | 1280 30819 | 1980 55421
| 450 4436 | 800 15045 | 1300] 31501 | 2000] 56141
| 460| 4730 | s10] 15358 | 1320 32184 | 2050 57943
| 470| 5024 | 220 15673 | 1340| 32870 | 2100] 59748
| 480| 5319 | 830 15989 | 1360| 33558 | 2150] 61557
| 490| 5616 | 840] 16305 | 1380| 34246 | 2200] 63371
| 500 5912 | 850| 16623 | 1400| 34936 | 2250] 65187
| 510 6207 | 260| 16941 | 1420| 35626 | 2300] 67007
| 520 6503 |  870| 17259 | 1440| 36319 | 2350] 68827
| 530 6800 |  280] 17579 | 1460| 37013 | 2400] 70651
| 540 7007 | 290| 17899 | 1480| 37708 | 2450] 72480
| 550 7395 | 900 18221 | 1500| 38404 | 2500] 74312
| 560 7694 | 910| 18541 | 1520| 39102 | 2550] 76145
| 570 7993 | 920] 18863 | 1540| 39801 | 2600| 77981
| 580 8293 | 930| 19185 | 1560| 40499 | 2650 79819
| 590 8593 | 940| 19509 | 1580| 41200 | 2700] 81639
| 600 missing | 950| 19832 | 1600| 41902 | 2750 83502
| 610 missing | 960)| 20157 | 1620 42606 | 2800 85345
| 620 missing | 970| 20482 | 1640 43311 | 2850] 87190
| 630 9799 |  930| 20807 | 1660 44017 | 2900 89036
| 640 | 10103 | 990| 21134 | 1680| 44724 | 3000 92738
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Ideal Gas Enthalpy of Oxygen (02)
Enthalpy of Formation: 0 (kJ/kmol)
Molecular Weight: 32 (kg/kmol)

hmmmm‘ Enthalpy ‘Iﬁm.‘ Enthalpy ‘Bﬂp ‘ Enthalpy ‘Bmm ‘ Enthalpy
[T lemol] K] [k kemol] K] [k kemol] K] [k kemol]

| 298| 0

| 300 54| 650 10862 | 1000] missing | 1700| 47970
| 310 48 | 660| 11188 | 1020] missing | 1720] 48712
| 320 643 | 670 11515 | 1040 24107 | 1740| 49454
| 330 938 | 680 11842 | 1060] 24808 | 1760| missing
| 340 1234 | 690 12172 | 1080| 25512 | 1780| missing
| 350 1531 | 700 12502 | 1100] 26217 | 1800| 51689
| 360 1820 | 710 12832 | 1120] 26924 | 1820] 52436
| 370 2127 | 720 13163 | 1140] 27632 | 1840| 53184
| 380 2427 | 730 13495 | 1160] 28341 | 1360| 53934
| 390 2727 | 740| 13828 | 1180| 29052 | 1380] 54683
| 400| 3029 | 750 14162 | 1200] 29765 | 1900] 55434
| 410 3330 | 760| 14496 | 1220] 30480 | 1920] 56186
| 420| 3632 | 770| 14831 | 1240 31195 | 1940 56938
| 430 3936 | 780| 15168 | 1260] 31912 | 1960| 57692
| 40| 4241 | 790| 15504 | 1280] 32630 | 1980| 58445
| 450| 4546 | 200| 15841 | 1300] 33351 | 2000| 59199
| 460| 4843 | s10| 16179 | 1320] 34071 | 2050| 61090
| 470| s160 | s20] 16517 | 1340 34793 | 2100| 62986
| 480| 5469 | 830 16855 | 1360] 35516 | 2150| 64891
| 490| 5778 | 840 17195 | 1380| 36241 | 2200] 66802
| 500 60ss | 830 17536 | 1400] 36966 | 2250] 68715
| 510 6400 | s60| 17877 | 1420] 37692 | 2300| 70634
| 520 6713 | 870 18217 | 1440 38420 | 2330 72561
| 530 7026 | ss0| 18560 | 1460] 39149 | 2400| 74492
| 540 7340 | 890| 18902 | 1480| 39879 | 2430| 76430
| 550 7656 | 900| 19246 | 1500] 40610 | 23500] 78375
| 560 7972 | 910 19590 | 1520] 41342 | 2550 80322
| 570 g289 | 920 19934 | 1540] 42074 | 2600] 82274
| 580 8608 | 930| 20278 | 1560 42808 | 2650 84234
| 590 8927 | 940 20624 | 1580] 43542 | 2700| 86199
| 600 9247 | 950| 20970 | 1600 44279 | 2750 88170
| 610 9568 | 960| 21317 | 1620 45014 | 2800 90144
| 620 9890 | 970| 21663 | 1640 45752 | 2850] 92126
| 630 10213 | 980 22010 | 1660 46490 | 2900 94111
| 640 10537 | 990| 22359 | 1680] 47230 | 3000] 98098

156

Download free eBooks at bookboon.com



Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Reactive Systems

Alternatively:

Following Ideal gas tables can also be used, where the reference point is zero Kelvin:[Ref: 3]

TABLE A-22 ldeal Gas Propenies of Air
TIK) & oand wikfkg), 5 (kikg - K)
when Ag = 0 when Az = 0
h u £ P o,
45180 32282 211161 5715 2236
46202 32997 2013407 6245 2114
33732 L1564 6742 2001

48240 34470 21TTED T268  IEOS
24002 ITLI3 147824 QL6355 1084, 49274 35204 2[198TH TE5M 1797

250.05 ITE2E 151917 07329 979, 500,02 35949 22952 Edll 170G
260,09 18545 153848 &5 22TR 510 51332 36692 210G Q031 16Xl
; 1.596034 0950  B08.0 M0 52363 3436 2M0T 654 15401
28013 19975 163270 LOERD 7350 530 53398 381B4 2 X707 10.37 146.7
28514 20333 1L.65055 L1584 7061 38934 2 FO0G e 1307

20016 X691 LA6E0Z 12311 a7hd 550 55474 30686 231800 1186 1311
205.17 21049 168515 13068 6479 56517 40442 233685 1266 12700
300.19 2407 170203 13B60 6212 57550 41197 235531 1350 1212
305.22 21767 171865 14686 5960 586004 41955 23748 I4.38 1157
30 31024 3225 173408 1586 5723 50652 427115 23140 1531 (R

315 31527 12485 175106 16442 5408 GIT02 43478 240002 16.28 1058
320 3M029 2IE4IZ 0 1.76690 17375 5286 61753 44242 242644 1730 1012
325 3 11202 1.7EM0 LEME 5084 0 G2R0T 450000 244336 1836 QR0
330 33034 23561 179783 19352 4894 45778 2delds 1984 Q254
340 R042 24282 182700 2149 4541 64022 46350 24TTI6 .64 BE.00

350 33049 25002 1.BSTOB 23m 4222 659.84 47325 249364 2186 B5.34
360 36053 25704 1EES4D 2626 3034 67047 48101 2 50085 1113 E1.80
T 3067 26446 191313 28, 367.2 6R1.14 48581 2352589 2446 TE61
3800 3R0.T7 ITL69 194001 ER Y 3434 60182 49662 254175 1585 T5.50
390 390.38 2TE93 196433 3481 321.5 TO252  Hd45 25573 729 T156

400 400938 IRAI6 199104 3806 0.6 TI327 51233 257277 EED G076
410 41112 10343 0NA90 4.153 2833 70 7404 52023 2 38R10 3038 6T.07
420 42126 30069 ROL142 4351 2666 M0 TI4E2 52804 260319 n? 64,53
430 43143 0799 X633 4915 2501 730 4562 53607 261803 amn 6213
440 &L61 31530 XOSETO 533 2368 40 Ti6 54402 263280 550 5082

h i <" . [
1.29559 03363 1707
134444 03087 1512

219.97 156.82 1.39105 Q469 1346,
230.02 16400 143557 05477 1205
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TABLE A-22 {Contfrmed)
TVKC). b and akdfke). s° (klikg - K)
when Ay = (' when Ay = 0
T h ] ' .. By T h ] i -8 8
750 TET.2G 551090 264737 | 3733 57.63 1300 139597 102318F 3237345 309 11275
760 TTRIE Sa001 266076 | 3927 55.54 13200 141976 1040BE 329160 | 35:S 10,747
700 TELLI SeROT  2ATI0S 4131 53.39 1340 144360 105894 330959 3753 10.247
T80 BDO.O3 5Telr 269013 | 4335 5164 1360 146749 107700 332724 3991 9. TR
790 BIO.99 SR4.21 270400 | 4553 40 .86 1380 149144 109526 334474 | 4242 9337
BO00 82195 2230 2TITET | 47.75 4508 1400 151542 1113.52 336200 | 435035 BO19
B30 B43.98 GOR.SG 274504 | 5259 & Bl 14200 153944 113177 33790 ATE.D .52
B0 EGGOE  G24.95  LTTITO | 5760 41.85 1440 156351 1150013 339586 | 5069 B.153
860 BER.2T Bal4D  2T9TEI 630 3012 1460 158763 116849 341247 5371 T.801
B30 01036 G5T.95F  2E234 6898 36.61 1480  16101.79 118695 342892 5688 TAGE
Q00 93293  AT4.58  1R4ESS | 7529 3431 1500 163597 130541 344506 | 6019 7152
920 05538 G128 2ETIM B205 3218 1520 166023  1X238T7 346120 | 6365 %]
Q40 97792  TOROE  2EOT4R | H92R 3022 1540 168451 134243 347702 | 6TER 6569
960 100055 2502 292128 9700 2840 1560 170882 136099 349276 Tins 6301
980 1023.2F  T4198 294468 | 1052 26,73 1580 1733.17 117965 350829 TH0.00 Gl
1000 104604 TSR0 296TTO | 1140 2517 1600 175757 13430 352364 To1.2 5.804
10200 106889 The 10 29903 | 1234 2372 1620 178200 131696 353879 B3d.1 5.574
1040 1091.85 To136 300360 | 1333 2239 I640  1RDG46 133572 355381 ETEY 5.3155
1060 1114.86 Bl6E 303449 | 1439 2114 1660 183096 135448 356867 | 9256 5147
1080 1137.89 EITRE 305608 | 1552 19.98 1680 185550 137334 358335 | o422 4949
1od 116107 84533 307732 | 16701 18896 | 1700 188001 13927 35979 [ 4.761
1120 118428 B62TO 309835 | 1797 17.886 | 1750 19416 14398 36336 1161 4328
1140 1207.57 BR0AS  Z1IEEY | 194 16946 | 1800 20033 14872 Jaa8d4 1310 ER R
11600 123092 2701 313916 | 2072 16064 | 1850 20653 15349 37023 1475 3601
1180 125434 01557 113906 | 2222 15.241 1900 21274 15826 37354 16355 x5
12000 127779 93333 307EER | 2380 14470 | 1950 21897 la3e 37677 1852 j0x
1220 1301.31 05100 319834 | 2547 13.747 | 2000 23521 16TR.T 37994 2068 1776
12400 132493 O6R95 321751 | 2723 13069 | 2050 23146 17288 38303 2303 2555
12600 134835 OR690 323634 | 2908 12435 | 2100 23774 17753 38605 2550 21%
1280 137224 10D4T6 325510 | 3104 11835 | 2150 24403 18238 38901 2837 2175
200 25032 18724 391 3138 2012
250 25664 19213 39474 3dibd 1864
Sowrre: Tables 4«22 are hased o I, H. Keenan and J. Kaye, ffas Tables, Wilsy, New York, 1945,
TABLE A-23  Ideal Gas Properties of Selected Gases
T(K), i and G(kI/kmol), (kI/kmol - K)
_ Carbon Dioxide, CO, _Carbon Monoxide, CO _ Water Vapor, H,0 _ Oxygen, O, _ Nitrogen, N,
(h = —393,520 klfkmol) (g = =110,530 kIkmaol) (R} = —241,820 kIfkmaol) (R} = 0 kl/kmol) (1 = 0 kI/kmol)
T n i b i i s i W w I W b i i i T
0 0 0 0 L1} 0 0 1] 0 0 0 0 0 (1] 1] 0 1]
220 6.601 4772 | 202966 6,391 4562 | 1B8.683 7,295 5466 | 178.576 6404 4575 | 196.171 6.391 4.562 | 182.638 220
230 6,938 5026 | 204464 6,683 4771 | 189980 7.628 5715 | 180054 6,604 4782 | 197461 6,683 4770 | 183938 230
240 7.280 5285 | 205.920 6,975 4979 | 191.221 7,961 5965 | 181471 6984 4989 | 198696 6,975 4,979 | 185.180 240
250 7.627 5548 | 207337 7266 5,188 | 192411 8204 6,215 | 182.831 7275 5,197 | 199885 7.266 5,188 | 186370 250
260 7.979 5817 | 208.717 7558 5396 | 193554 8,627 6,466 | 184139 7.566 5405 | 201.027 7558 5,396 | 187514 260
270 8335 6.091 | 210,062 7.849 5604 | 194654 8,961 6,716 | 185.399 7.858 5613 | 202128 7.849 5,604 | 188.614 270
280 8.697 6369 | 211.376 8.140 5,812 | 195.173 9,296 6968 | 186.616 8,150 5,822 | 203.191 8.141 5813 | 189.673 280
290 9063 6.651 | 212.660 5432 6,020 | 196.735 9.631 7,219 | 187.791 B443 6,032 | 204218 §.432 6,021 | 190.695 290
298 9.364 6,885 | 213.685 8.669 6,190 | 197543 9,904 TA25 | 188.720 8682 6,203 | 205.033 8.660 6,190 | 191.502 298
300 5431 6,939 | 213.915 8,723 6,229 | 197.723 9,966 TAT2 | 188928 8.736 6,242 | 205213 8,723 6,229 | 191.682 300
310 807 7.230 | 215146 9.014 6,437 | 198.6T8 10,302 7.725 | 190,030 9,030 6453 | 206.177 9014 6,437 | 192638 310
320 10,186 7526 | 216.351 9,306 6,645 | 199.603 10,639 7978 | 191098 9,325 6,664 | 207112 9.306 6,645 | 193562 320
330 10,570 7.826 | 217534 9,597 6,854 | 200500 10,976 8232 | 192.136 9.620 6,877 | 208.020 9,597 6,853 | 194459 330
340 10,959 B.131 | 218.694 9.889 7,062 | 201.371 11,314 BART | 193144 G916 7090 | 208504 9,888 7.061 | 195328 340
350 11,351 8439 | 219.831 10,181 7271 | X02.217 11,652 B742 | 194125 10.213 7.303 | 209.765 10.180 7.270 | 196.173 350
360 11,748 B.752 | 220948 10,473 TARD | 203.040 11,992 B.998 | 195.081 10,511 T.518 | 2100604 10,471 TATR | 196.995 360
370 12,148 9.068 | 222044 10,765 7689 | 203.842 12,331 9,255 | 196.012 10809 7733 | 211423 10.763 T7.687 | 197.794 370
380 12,552 9392 | 223.122 11,058 7,899 | 204.622 12,672 9513 | 196920 11109 7949 | 212222 11,055 7,895 | 198.572 380
390 12,960 9718 | 224182 11351 B 108 | 205383 13,014 9,771 | 197.807 11409 8166 | 213.002 11.347 8104 | 199331 390
400 13372 10,046 | 225225 11.644 8319 | 206.125 13356 10,030 [ 198.673 11,711 8384 | 213.765 11,640 8314 | 200,071 400
410 13,787 10,378 | 226.250 11,938 8529 | 206.850 13,699 10,290 | 199.521 12,012 8603 | 214510 11,932 8,523 | 200,794 410
420 14,206 10,714 | 227258 12232 740 | 207549 14,043 10,551 | 200350 12314 8,822 | 215241 12,225 8,733 | 201.499 420
430 14,628 11,053 | 228.252 12,526 8951 | 208.252 14388 10,813 | 201.160 12,618 9,043 | 215955 12518 8,943 | 202.189 430
440 15,054 11,393 | 229230 12,821 9,163 | 208.529 14734 11,075 | 201.955 12,923 9.264 | 216.656 12811 9,153 | 202.863 440
450 15,483 11,742 | 230.194 13,116 9375 | 209.593 15,080 11,339 | 202.734 13,228 9487 | 217342 13,105 9363 | 203.523 450
460 15916 12091 | 231.144 13412 9587 | 210.243 15428 11,603 | 203497 13,535 9,710 | 218.016 13,399 9,574 | 204170 460
470 16,351 12,444 | 232.080 13,708 9800 | 210.880 13,777 11,869 | 204.247 13,842 9935 | 218.676 13,693 9,786 | 204.803 470
480 16,791 12,800 | 233.004 14005 | 10,014 | 211504 16,126 12,135 | 204982 14,151 | 10,160 | 219326 13,988 9997 | 205424 480
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490 17,232 13,158 | 233916 14302 | 10228 | 212117 16,477 12403 | 205.705 14460 | 10386 | 219963 14,285 | 10,210 | 206.033 490
500 17,678 13,521 | 234814 14600 | 10443 | 212719 16,828 12,671 | 206.413 14770 | 10614 | 220589 14,581 | 10,423 | 206.630 500
510 18,126 13,885 | 235.700 14,898 | 10,658 | 213310 17,181 12,940 | 207.112 15,082 | 10,842 | 221.206 14,876 | 10,635 | 207.216 510
520 18,576 14,253 | 236.575 15.197 | 10,874 | 213.890 17,534 13,211 | 207.799 15,395 | 11071 | 221.812 15,172 | 10,848 | 207.792 520
530 19,029 14,622 | 237439 15497 | 11090 | 214460 17,889 13482 | 208.475 15,708 | 11301 | 222409 15469 | 11,062 | 208.358 530
540 19,485 14996 | 238.292 15,797 | 11,307 | 215.020 18,245 13,755 | 209.139 16,022 | 11,533 | 222997 15,766 | 11,277 | 208.914 540
550 19,945 15372 | 239.135 16,097 | 11,524 | 215572 18,601 14,028 | 209.795 16,338 | 11,765 | 223576 16,064 | 11,492 | 209461 550
560 20,407 15,751 | 239962 16399 | 11,743 | 216115 18,959 14,303 | 210.420 16654 | 11998 | 224 146 16,363 | 11,707 | 209999 560
570 20,870 16,131 | 240.789 16,701 | 11961 | 216.649 19318 14,579 | 211.075 16971 | 12232 | 224708 16,662 | 11923 | 210,528 570
580 21,337 16,515 | 241.602 17003 | 12,181 | 217.175 19.678 14,856 | 211.702 17,290 | 12467 | 225262 16,962 | 12,139 | 211.049 580
590 21,807 16,902 | 242405 17307 1 12401 | 217.693 20,039 15,134 | 212,320 17609 | 12,7703 | 225808 17,262 | 12,356 | 211.562 590

TABLE A-23 (Continued)

T(K), T and G(kI/kmoly, (kIfkmol - K)

_ Carbon Dioxide, CO, _Carbon Monoxide, CO _  Water Vapor, H,0 _ Oxygen, O, _Nitrogen, N,
(hf = =393 520 klfkmol) (hf = =110.530 kkmol) (hf = =241 820 kI kmol) (hf = 0 klfkmol) (hf = 0 klVkmol)

3 h ] i i 3 Ll I o = R fr " A [ il T
600 | 22280 17,291 | 243.199 17611 | 12,622 ( 218204 | 20402 15413 | 212,920 | 17.929 | 12940 | 226.346 17,563 | 12574 | 212066 | 600
610 22754 17,683 | 243983 17915 | 12,843 | 218.708 20,765 15693 | 213.529 18,250 | 13,178 | 226.877 17,864 | 12,792 | 212564 610
620 | 23,231 18,076 | 244.758 18,221 | 13,066 | 219.205 | 21,130 | 15575 | 214.122 13,417 | 227400 18,166 | 13,011 | 213055 | 620
630 | 23709 18471 | 245524 18,527 | 13,289 | 219695 | 21495 16.257 | 214.707 13,657 | 227918 18468 | 13.230 | 213.541 630
640 | 24190 18,869 | 246.282 18,833 | 13512 | 220.179 | 21.862 16.541 | 215.285 13,898 | 228.429 18,772 | 13450 | 214018 | 640
630 | 24674 19,270 | 247.032 19.141 | 13.736 | 220656 | 22230 | 16,826 | 215.856 14,140 | 228932 19075 | 13.671 | 214489 | 650
660 | 25160 19,672 | 247,773 19.449 | 13962 | 221.127 | 22600 | 17.112 | 216.419 14,383 | 220430 19380 | 13.892 | 214954 | 660
a70 25,648 20,078 | 248.507 19.758 | 14,187 | 221.592 22970 17399 | 216.976 14,626 | 229520 19685 | 14,114 | 215413 670
680 | 26,138 | 20484 | 245.233 | 20,008 | 14414 | 222052 | 23342 17,688 | 217.527 14,871 | 230405 19991 | 14,337 | 215.866 | 680
690 | 26631 20894 | 249952 [ 20378 | 14641 | 222505 | 23714 | 17978 | 218.071 15116 | 230885 | 20297 | 14360 | 216314 | 650
TO0 27,125 21,305 | 250.663 20,690 | 14870 | 222953 24088 18.268 | 218.610 21184 | 15,364 | 231358 20604 | 14784 | 216.756 700
TI0 | 27622 | 21,719 | 251.368 | 21,002 | 15099 | 223.39% | 24464 18,561 | 219.142 | 21,514 | 15611 | 231.827 | 20912 | 15008 | 217.192 | 710
720 | 23121 22,134 | 252,065 | 21315 | 15328 | 223.833 | 24,840 | 18,854 | 219668 | 21845 | 15859 | 232291 | 21,220 | 15234 | 217624 | 720
730 | 28,622 | 22552 | 252.755 | 21,628 | 15558 | 224365 | 25218 19.148 | 220,189 | 22177 | 16,107 | 232.748 | 21,529 | 15460 | 218059 | T30
740 29,124 22972 | 253439 21,943 | 15,789 | 224692 25,597 19,444 | 220.707 22510 | 16,357 | 233.201 21,839 | 15686 | 218472 740
750 | 20620 | 23393 | 254.117 | 22,258 | 16,022 | 225115 | 25977 19741 | 221.215 | 22344 | 16607 | 233.640 | 22,149 | 15913 | 218.889 | 750
760 30,135 23817 | 254787 22,573 | 16,255 | 225533 26,358 20039 | 221.720 23178 | 16,859 | 234.091 22460 | 16,141 | 219301 760
770 30.644 24242 | 2155452 22,890 | 16488 | 225947 26,741 20339 | 222.221 23513 | 17,111 | 234528 22772 | 16,370 | 219.709 770
T8O | 31,154 | 24669 | 256.110 | 23.208 | 16,723 | 226357 | 27,125 | 20639 | 222717 | 23,830 | 17.364 | 234960 | 23,085 | 16599 | 220,113 | 780
T90 | 31665 | 25007 | 256.762 | 23526 | 16957 | 226.762 | 27510 | 20941 | 223.207 | 24,186 | 17,618 | 235387 | 23398 | 16,830 | 220512 | 790
800 | 32,179 | 25527 | 257408 | 23844 | 17,193 | 227.162 | 27896 | 21,245 | 223.693 | 24,523 | 17,872 | 235810 | 23,714 | 17,061 800
810 | 32684 | 25939 | 258048 | 24164 | 17429 | 227559 | 28284 | 21549 | 224174 | 24861 | 18,126 | 236230 | 24027 | 17.292 810
820 | 33212 | 26394 | 258682 | 24483 | 17665 | 227952 | 28672 | 21,855 | 224.651 25199 | 18382 | 236.644 | 24342 | 17524 820
830 33.730 26,829 | 259311 24,803 | 17.902 | 228B.339 29,062 22,162 | 225123 25,537 | 18,637 | 237.055 24658 | 17.757 830
840 | 34,251 | 27267 | 259.934 | 25,124 | 18,140 | 228724 | 29454 | 22470 | 225592 | 25,877 | 18,893 | 237462 | 24,974 | 17,990 840
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Applied Thermodynamics: Software Solutions:
Part-IV (Psychrometrics, Reactive systems)

Reactive Systems

850 34773 27,706 | 260.551 18379 | 229,106 29846 [ 22779 | 2261057 26,218 | 19,150 | 237864 25292 | 18224 &850
860 35,206 28125 | 26l.164 18,617 | 229482 30,240 23,090 | 226.517 26,559 | 19408 | 238264 25610 [ 184359 860
‘70 35,821 28,588 | 261.770 18,858 | 229.856 30,635 23402 | 226973 26,899 | 19,666 | 238.660 25928 | 18,695 870
BEO 36,347 29031 | 262.371 19,099 | 230.227 31,032 23715 | 227426 27.242 | 19925 | 239.051 26,248 | 18931 BEO
890 36,876 29476 | 262968 19341 | 230.593 il4m9 24029 | 227875 27.584 | 20,185 | 239439 26568 | 19,168 EO0
200 37405 29922 | 263.559 19,583 | 230,957 31,828 24345 | 228.321 27,928 | 20445 | 239.823 26,890 ( 19407 Q00
al0 37,935 30,369 | 264146 19826 | 231.317 32228 24662 | 228.763 28272 | 20,706 | 240.203 27210 | 19644 910
920 38467 30818 | 264728 27,719 | 20,070 | 231.674 32629 24980 | 229202 28616 | 20967 | 240580 27532 | 19,883 920
930 39,000 31268 | 265304 28.046 | 20,314 | 232028 33,032 25300 | 229637 28960 | 21,228 | 240953 27,854 | 20,122 930
240 39,535 3L,719 | 265877 28,375 | 20,559 | 232379 33436 25,621 | 230.070 20,306 | 21,491 | 241.323 28,178 | 20,362 o940
G50 | 40,070 32071 | 266444 28,703 | 20,805 | 232.727 33841 25943 | 230.499 20652 | 21,754 | 241689 28,501 | 20,603 950
960 40,607 32,625 | 267.007 29033 | 21,051 | 233.072 34,247 26,265 | 230924 29990 | 22017 | 242.052 28826 | 20,844 G960
970 | 41.145 33081 | 267566 29362 | 21,298 | 233413 34,653 26,588 | 231.347 30345 | 22,280 | 242411 29151 | 21,086 G970
G980 | 41685 33,537 | 268.119 29693 | 21,545 | 233.752 35,061 26913 | 231.767 30,692 | 22544 | 242768 29476 | 21,328 GE0
990 | 42226 33995 | 268670 30,024 | 21,793 | 234.088 35472 27240 | 232184 31.041 | 22809 | 243120 29803 | 21,571 Qo0
TABLE A-23 (Continued)
TIK), R and @(kJkmol), °(kI/kmol - K)
_Carbon Dioxide, CO, _Carbon Monoxide, CO _ Water Vapor, H,0 _ Oxygen, O, _ Nitrogen, N,
(hf = =393,520 kl/kmol) (h§ = =110.530 klVkmol) (h§ = =241,820 kIfkmol) (h7 = 0 kl/kmol) (1§ = 0 kl/kmol)

T h i * h i o h i ¥ h i g h [ i T
1000 42,769 34455 | 269215 30,355 | 22041 [ 234421 35,882 27,568 | 232.597 31389 | 23075 | 243471 30,129 | 21,815 | 228.057 | 1000
1020 43,859 35378 | 270.293 31,020 | 22540 ( 235.079 36,709 28228 | 233.415 32088 | 23607 | 244.164 30,784 | 22304 228706 | 1020
1040 44953 36306 | 271.354 31,688 | 23041  235.728 37.542 28,895 | 2342323 32789 | 24142 | 244844 31442 | 22795 | 229344 | 1040
1060 46,051 37,238 | 272.400 32357 | 23544 | 236364 38,380 29,567 | 235.020 33.490 | 24677 | 245513 32,101 | 23288 | 229973 | 1060
1080 47,153 38,174 | 273430 33,029 | 24049 [ 236992 39,223 30.243 | 235.806 34,194 | 25214 | 246.171 32,762 | 23,782 | 230.591 | 1080
1100 48,258 39112 | 274445 33,702 | 24557 | 237.609 40,071 30.925 | 236.584 34899 | 25753 | 246818 33426 | 24280 | 231.199 | 1100
1120 | 49369 40,057 | 275444 34377 | 25,065 | 238217 40923 31611 | 237.352 35606 | 26204 | 247454 34092 | 24780 | 231.799 | 1120
1140 50484 41,006 | 276.430 35,054 | 25575 | 238817 41,780 32,301 | 238.110 36314 | 26,836 | 248.081 34.760 | 25282 | 232391 | 1140
1160 | 51602 41,957 | 277.403 35733 | 26,088 | 239407 42,642 32997 | 238859 37.023 | 27379 | 248698 35430 | 25,786 | 232973 | 1160
1180 52724 42913 | 278.362 36406 | 26,602 | 239989 43,509 33.698 | 239.600 37.734 | 27923 | 249307 36104 | 26291 | 233.549 | 1180
1200 53,848 43,871 | 279.307 370095 | 27,118 | 240.663 44 380 34,403 | 240333 38447 | 28469 | 249906 36,777 | 26,799 | 234115 | 1200
1220 | 54977 44,834 | 280.238 37,780 | 27,637 | 241.128 45,256 35112 | 241.057 39.162 | 29,018 | 250497 37452 | 27,308 | 234.673 | 1220
1240 56.108 45799 | 281158 38466 | 28426 [ 24]1.686 46,137 35,827 | 241.773 39.877 | 29.568 | 251.079 38,129 | 27,819 | 235223 | 1240
1260 | 57,244 46,768 | 282.066 | 39,154 | 28,678 | 242236 47,022 36,346 | 242482 40,594 [ 30,118 | 251.653 38,807 | 28,331 | 235766 | 1260
12800 58,381 47,739 | 282962 39,884 | 29201 | 242780 47912 37.270 | 243.183 41,312 | 30,670 | 252.219 39488 | 28845 | 236.302 | 1280
1300 | 59,522 48,713 | 283847 40,534 | 29725 | 243316 48,807 3B.000 | 243.877 42033 [ 31,224 | 252776 40170 | 29361 | 236831 | 1300
1320 60,666 49691 | 284.722 41266 | 30251 [ 243844 49.707 38.732 | 244504 42753 | 31,778 | 253.3235 40,853 | 29878 | 237.353 | 1320
1340 | 61813 50672 | 285586 | 41919 | 30,778 | 244366 50,612 30470 | 245243 43475 [ 32334 | 253868 41,539 | 30,398 | 237.867 | 1340
1360 62,963 51.656 | 286.439 42613 | 31,306 [ 244880 51,521 40,213 | 245915 44198 | 32891 | 254404 42,227 | 30919 | 238.376 | 1360
1380 64,116 52,643 | 287.283 43309 | 31,836 [ 245388 52434 40,960 | 246582 44923 | 33449 | 254932 42915 | 31441 | 238.878 | 1380
1400 | 65,271 53631 | 288.106 | 44,007 | 32367 | 245889 53,351 41,711 | 247.241 45648 | 34,008 | 255454 43,605 | 31,964 | 239375 | 1400
1420 66,427 54621 | 288.934 44707 | 32900 | 246385 54,273 42466 | 247895 46,374 [ 34,567 | 255.968 44295 | 32489 | 239.865 | 1420
1440 | 67586 | 55614 | 289743 45408 | 33434 | 246876 55,198 43226 | 248543 47102 [ 35,129 | 256475 44988 | 33,014 | 240350 | 1440
1460 68,748 56,609 | 290.542 46,110 | 33971 | 247360 56,128 43,989 ( 249.185 47,831 | 35692 | 256978 45,682 | 33543 | 240.827 | 1460
1480 | 69911 57.606 | 291.333 46813 | 34508 | 247839 57,062 44,756 | 249.820 | 48561 | 36,256 | 257.474 46377 | 34071 | 241301 | 1480

1500 71078 58606 | 202114 47517 | 35046 | 248312 57,999 45,528 | 250450 | 49.292 | 36,821 | 257965 47073 | 34601 | 241768 | 1500
1520 72,246 59,609 | 292.888 48,222 | 35,584 | 248.778 58,942 46,304 | 251.074 50,024 | 37,387 | 258450 47,771 | 35,133 | 242228 | 1520
1540 73417 60613 | 292654 48928 | 36,124 | 249240 59 BER 47084 | 251.693 50,756 | 37952 | 258928 48470 | 35665 | 2: 85 | 1540
1560 74,590 61.620 | 294411 49635 | 36,665 | 249.695 60,838 47868 | 252.305 51,490 | 38,520 | 259402 49168 | 36,197 | 243.137 | 1560
1580 76,767 62630 | 295161 50,344 | 37.207 | 250.147 61,792 48,655 | 252912 52,224 | 39088 | 250870 49869 | 36,732 | 243585 | 1580
1600 76,944 63,741 | 295901 51,053 | 37,750 | 250592 62,748 40,445 | 253513 52,961 | 39658 | 260333 50,571 | 37,268 | 244028 | 1600
1620 78,123 64,653 | 296.632 51,763 | 38,293 | 251.033 63,709 52,240 | 254.111 53,696 | 40,227 | 260.791 51,275 | 37,806 | 244464 | 1620
1640 79,303 63,668 | 297.356 52472 | 38,837 | 251.470 64,675 51,039 | 254703 54434 | 40,799 | 261242 51980 | 38344 | 244896 | 1640
1660 B0486 66,592 | 298.072 53,184 | 39,382 | 251.501 65,643 51,841 | 255.290 55,172 | 41,370 | 261.690 52686 | 3BBR4 | 245324 | 1660
1680 B1L.670 67,702 | 298.781 53,895 | 39,927 | 252329 66,614 52,646 | 255873 55912 | 41944 | 262132 53393 | 39424 | 245747 | 1680
1700 B2 856 68,721 | 299482 54600 | 40474 | 252751 67,589 53,455 | 256.450 56,652 | 42517 | 262571 54009 | 39965 | 246166 | 1700
1720 84,043 69,742 | 300.177 55,323 | 41,023 | 253.169 68,567 54,267 | 257.022 57,394 | 43,093 | 263.005 54,807 | 40,507 | 246.580 | 1720
1740 £5231 70,764 | 300.863 56,039 | 41,572 | 253582 69,550 55,083 | 257.589 58,136 | 43660 | 263435 55516 1 41,049 | 246990 | 1740
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TABLE A-23 (Continued)
T(K), kr and f(kIkmal), ¥(kI/kmol - K)

_Carbon Dioxide. CO, _Carbon Monoxide, CO _ Water Vapor, H,O _ Oxygen, O, _ Nitrogen. N,
(h = —393,520 klfkmol) (h§ = =110,530 klfkmol) (A} = —241,820 kIfkmol) (R = 0 kIfkmol) (h§ = 0 kI/kmol)
T 13 I I I i 3 I I r R I i k i 3 T

1760 6,420 TLT8T7 | 301.543 56,756 | 42,123 | 253991 70,535 55,902 | 258.151 SE.800 | 44247 | 263.861 56,227 | 41,594 | 247.3%96 | 1760
1780 87612 T2812 | 302.271 57473 | 42,673 | 254398 T71.523 56,723 | 258.708 59624 | 44825 | 264.283 56,938 | 42,139 | 247.798 | 1780
1800 BE.BO6 T3.840 | 302.884 58,191 | 43,225 | 254.797 72,513 57,547 | 259.262 60371 | 45405 | 264.701 57651 | 42,685 | 248.195 | 1800
18200 50,000 T4.868 | 303.544 58910 | 43,778 | 255194 73,507 38375 | 259811 61,118 | 45986 | 265.113 58,363 | 43231 | 248589 | 1820
1840 91,196 T5.897 | 304.198 59629 | 44,331 | 255587 74,506 59,207 | 260.357 61,866 | 46,568 | 265.521 59075 | 43,777 | 248979 | 1840
1860 92,394 T6.929 | 304.845 60,351 | 44.886 | 255976 75,506 60,042 | 260898 62616 | 47151 | 265925 59790 | 44324 | 249365 | 1860
1880 93,593 77962 | 305.487 61072 | 45441 | 256361 76,511 60,880 | 261.436 63,365 | 47.734 | 266326 60504 | 44873 | 249.748 | 1880
1900 94,793 78996 | 306.122 61,794 | 45997 | 256743 77.517 61.720 | 261.969 64,116 | 48319 | 266,722 61,220 | 45423 | 250,128 | 1900
1920 95,995 80031 | 306.751 62516 | 46,552 | 257.122 78,527 62564 | 262497 64 868 | 48904 | 267.115 61936 | 45973 | 250.502 | 1920
1940 97,197 B1.06T | 307.374 63,238 | 47,108 | 257497 79,540 63411 | 263.022 65,620 | 49490 | 267505 62,654 | 46,524 | 250.874 | 1940
1960 98.401 B2105 | 307.992 63961 | 47,665 | 257868 80,355 64250 | 263.542 66,374 | 50078 | 267891 63,381 | 47.075 | 251.242 | 1960
1980 99,606 B3.144 | 308.604 64,684 | 48,221 | 258236 81,573 63,111 | 264.059 67.127 | 50.665 | 268.275 64090 | 47627 | 251.607 | 1980
2000 | 100,804 B4 185 | 309.210 | 65408 | 48,780 | 258.600 82,593 63,965 | 264.571 67881 | 51.253 | 268.655 64810 | 48,181 | 251.969 | 2000
2050 | 103,835 86,791 | 310.701 67224 | 50,179 | 259494 85,156 68111 | 265.838 69772 | 52,727 | 269588 66,612 | 49567 | 252.858 | 2050
2100 | 106,864 89404 | 312.160 | 69.044 | 51584 | 260370 87,735 70,275 | 267.081 TL6e6E | 54.208 | 270504 68417 | 50,957 | 253.726 | 2100
2150 | 109,898 92,023 | 313.589 T0.864 | 52,988 | 261.226 90,330 72454 | 268.301 73,573 | 55,697 | 271.399 70,226 | 52,351 | 254.578 | 2150
2200 | 112,939 94648 | 314988 72688 | 54396 | 262065 92,940 T4.649 | 269500 T5484 | 57,192 | 272278 T2040 | 53,749 | 255412 | 2200
2250 | 115984 97.277 | 316.356 74516 | 55,809 | 262887 95,562 76,855 | 270.679 77397 | 58.690 | 273.136 73,856 | 55149 | 256.227 | 2250
2300 | 119,035 99912 | 317.695 76,345 | 57,222 | 263.692 98,199 79,076 | 271.839 79316 | 60,193 | 273981 75.676 | 56,553 | 257.027 | 2300
2350 | 122,091 | 102,552 | 319.011 TRATE | 58,640 | 264480 | 100,846 1308 | 272978 81,243 | 61,704 | 274 809 77496 | 57958 | 257.810 | 2350
2400 | 125,152 | 105,197 | 320.302 80,015 | 60,060 | 265253 | 103,508 83,553 | 274.098 83,174 | 63,219 | 275.625 79320 | 59366 | 258.580 | 2400
2450 | 128,219 | 107.849 | 321.566 81852 | 61,482 | 266012 | 106,183 85,811 | 275.201 B5.112 | 64.742 | 276424 BL149 | 60,779 | 259.332 | 2450
2500 | 131,290 ( 110,504 | 322808 83692 | 62,906 | 266755 | 108,868 BB082 | 276.286 87,057 | 66271 | 277.207 82981 | 62,195 | 260073 | 2500
2550 | 134368 | 113,166 | 324.026 85537 | 64,335 | 267485 | 111,565 90364 | 277.354 39004 | 67.802 | 277.979 84814 | 63,613 | 260.799 | 2550
2600 | 137449 | 115832 | 325.222 87383 | 65,766 | 268202 | 114,273 92,656 | 278.407 90956 | 69.339 | 278.738 86,650 | 65,033 | 261.512 | 2600

2650 | 140533 | 118500 | 326.396 89230 | 67,197 | 268905 | 116,991 94958 | 279441 92916 | TO.B83 | 279485 88488 | 66,455 2650
2700 | 143,620 | 121,172 | 327.549 91,077 | 68,628 | 265.5%6 | 119,717 97.2659 | 280462 94,881 | 72433 | 2R0.219 90,328 | 67880 2700
27500 | 146,713 | 123,849 | 328.684 92930 | 70066 | 270285 | 122453 99 588 | 281464 96,852 | 73987 | 280942 92,171 | 69,306 2750

2800 | 149,808 | 126,528 | 3290.800 | 94784 | 71,504 | 270.943 | 125,198 | 101,917 | 282.453 | 98826 | 75,546 | 281.654 | 94,014 | 70,734 | 264.241 | 2800
2850 | 152,908 | 129212 | 330.896 | 96,630 | 72945 | 271602 | 127952 | 104256 | 283429 | 100808 | 77.112 | 282357 | 95850 | 72.163 | 264.895 | 2850
2900 | 156,009 | 131,898 | 331.975 | 98.495 | 74383 | 272.249 | 130,717 | 106,605 | 284.390 | 102,793 | 78,682 | 283.048 | 97,705 | 73,593 | 265.538 | 2900
2950 | 159,117 | 134,589 | 333.037 | 100352 | 75,825 | 272.884 | 133486 | 108,959 | 285338 | 104.785 | 80,258 | 283.728 | 99556 | 75028 | 266.170 | 2950
3000 | 162,226 | 137,283 | 334.084 | 102210 | 77,267 | 273.508 | 136264 | 111,321 | 286.273 | 106,780 | 81837 | 284.399 | 101,407 | 76464 | 266.793 | 3000
3050 | 165341 | 139,982 | 335114 | 104073 | 78715 | 274.123 | 139,051 | 113,692 | 287.194 | 108,778 | 83419 | 285.060 | 103260 | 77.902 | 267.404 | 3050
3100 | 168,456 | 142,681 | 336.126 | 105939 | 80,164 | 274.730 | 141,846 | 116,072 | 288.102 | 110,784 | 85,009 | 285.713 | 105,115 | 79,341 | 268.007 | 3100
3150 | 171,576 | 145385 | 337.124 | 107,802 | 81,612 | 275326 | 144,648 | 118458 | 288.999 | 112,795 | 86,601 | 286.355 | 106972 | 80,782 | 268.601 | 3150
3200 | 174,695 | 148,089 | 338.109 | 109.667 | 83,061 | 275914 | 147457 | 120,851 | 289.884 | 114,809 | 88,203 | 286.989 | 108,830 | 82224 | 269.186 | 3200
3250 | 177.822 | 150,801 | 339.069 | 111,534 | 84513 | 276494 | 150,272 | 123250 | 290.756 | 116,827 | 89.804 | 287.614 | 110,690 | 83668 | 269.763 | 3250

Sowurce: Tables A-23 are based on the JANAF Thermochemical Tables, NSRDS-NBS-37, 1971.

Another way is not to use the Tables, but calculate Ah as (cp . AT), cp being calculated from the formulas
given in Thermodynamics Text books for CO2, CO, 02, N2 etc.

We have the following relations for cp (kJ/kmol) of some commonly required substances in chemical

reactions, with temp T in Kelvin. [Ref. 11]:

-
e

—_ 5 =7
epeoa(T) = 45,369 + 3688107 T - 9619-10°-T °|  klikmol

-

_ = P |
epeo(T) = 128,068 + £631.107°-T - 0258-10°-T 2/ kdikmol

-3 5 -
ePro(T) = 2885 + 12055107 -T + 1.066-10°- T~ kJkmol
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3

| — T _7
':PDZI:I'} = |.3|:|'.255 + 420710 T-T — 1.887- II:I':I-I' H_:' kJfkmol

3

— 5 -0
eppppl ) = 2727 + 4930-10 ~-T + 0333-10°-T * kJ/kkmal

3

_ = . |
epep(T) = 27012 + 3.509-107 °-T + 0.60-10°-T - kJikmol

| _ T 7
cprera(T) = 120,747 + 25.108-10°-T - 1.546-10° T 2] kJ/kmol

' -3 -G 2 -9 3
cPepza(T) = \17.449 + 60449-107 *-T + 1.117-10” °-T° = 7204107 -T I kJikmol
' —3 3. -2
epeoa(T) = (47381 + 666107 °-T - 8.438-10°-T | kd/kmal
T2
Then:  Ah= J ep(T)dT
T1
Also, following Table from [Ref: 3] gives some equations for cp:
TABLE A-21 Variation of £, with Temperature for Selected Ideal Gases
L,
§=a+ﬁr+ﬂ"3+aﬁ+ar‘
Tis in K. equations valid from 300 to 1000 K
Gas o By ¥ % 100 8 x 10° e % 10"
0 AT10 =L.619 3.692 =2.032 (0.240
0, 2.401 B.735 —6.607 2002 1]
H, 3.057 2677 5810 5521 =1.812
H,O 4.070 =L.108 4.152 =2964 0807
Oy 3.626 = L.B7E 7.055 —6.764 2.156
N, 3.675 = 1.208 2324 =632 =0.226
Air 3653 =1.337 3294 =1513 0.2763
S0, 3.267 5324 (684 =5.281 2.555
CH, 3826 =3.979 24 558 =22 733 6.963
C.H, 1410 19.057 —=24.501 16.391 —4.135
CsH, 1.426 11.383 7.989 —=16.254 6.749
Monatomic
gases” 2.5 0 i} 0 0

“For monatomic gases, such as He, Ne, and Ar, ¥, is constant over a wide temperature range and is very nearly
equal to 5/2 K.

Source: Adapted from K. Wark, Thermodymantics, 4th od., MoGraw-Hill, New York, 1983, as based on NASA
5P-273, U5, Government Printing Office, Washington, DT, 1971.
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8.1.9 Enthalpy of combustion:

Enthalpy of combustion is defined as the difference between enthalpy of the products and the enthalpy
of reactants when complete combustion occurs at a given temp and pressure. It is also known as ‘heating
value’ and is expressed in kJ/kg or kJ/kg mol.

Note that two heating values are defined:

Higher Heating Value (HHV) or Higher Calorific Value (HCV) and Lower Heating Value (LHV) or
Lower Calorific Value (LCV):

HCV is the heat transferred when H2O in the products is in liquid state.
LCV is the heat transferred in the reaction when H20O in the products is in vapor state. And:
LCV = HCV =m,,  x h,

HCV is given by [Ref:6]:

1 o} .
HCV = m-[ﬁﬂﬂﬂ-t + 143000 H - ol 9159-5} kl/kg

where C, H, O and S are percentages of carbon, hydrogen, oxygen and sulphur.

g .
LCV = HCV — —-H-24460 kJikg
104
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Values of enthalpy of combustion for some common hydrocarbon fuels at 25 C, 1 atm are given
below. [Ref: 9, TEST software]:

8.1.10

Table G-2, Reactions: Heating Values of Common Fuels

51 Units D Enaglish Units
Properties of Some Commoen Fuels and Hydrocarbons

Molar Enthalpy of = Specific

Mass  Demsity’ Vaporization’|  Heat'
Fuel (Phase) Formula il kg/L kiikg kJ/kg-K
¥y 2 .i‘\hv C;:»
Carbon(s) c 12.01 2.000 2 0.708
Hydrogen(g) H2 202 - - 14.40
Carbon Monoxide(g) CO 28.01 - - 1.05
Methane(g) CH4 16.04 = 509 2.20
IMethanal(l) CH40 32.04 0.790 1168 253
Acetylene(g) C2H2 26.04 - - 169
Ethane(g) C2Ha 30.07 = 172 1.75
Ethanol(l) C2HG0 46.07 0.790 919 244
Propane(l) C3Ha 4410 0.500 420 277
Butane(l) C4H10 58.12 0.579 362 242
1-Pentene(l) CEH10 70.13 0.641 363 220
Isopentaneil) C5H12 7 I 0.628 - 232
Benzene(l) CEHE 78.11 0.877 433 1.72
Hexene(l) CEH12 84.16 0.673 392 1.84
Hexane(l) CEH14 86.18 0.660 366 227
Toluene(l) C7H8 92.14 0.867 412 1.71
Heptane(l) CTH16 100.20 0.684 365 2.24
Octanell) CBH18 114.23 0.703 363 223
Decane(l) C10H22 142.29 0.730 361 2.21
Gasoline(l) CnH1.87n 100-110 0.72-0.78 350 24
Light Diesel(l) CnH1.8n 170 0.78-0.84 270 22
Heawy Diesel(l) CnH1.7n 200 0.82-0.88 230 1.9
MNatural Gas(g) CnH3.8nMN0. 1N 18 = = 2.0

1:1 atm and 20°C.

2: At 25°C for liquid fuels, and at saturation temperature at 1 atm for gaseous fuels.
3: HzO in liguid phase in products.

4: Hz0 in vapor phase in products.

Adiabatic Flame temperature:

Higher
Heating
Valug®

kJikg
HHV

32,300
141,800
10,100
55,530
22,660
49,970
51,900
29,670
50,330
49,150
47760
48,570
41,300
47,500
43,310
42,400
48,100

47,330
47,640
47,300
46,100
45,500
50,000

Lower
Heating
Value®

kJikg
LHV

32,800
120,000
10,100
50,050
19,920
48,280
47,520
26,310
46,340
45,370
44,630
44,910
40,100
44,400
44,740
40,500
44,600

44,430
44,240
44,000
43,200
42,800
45,000

If the combustion occurs adiabatically, without work and heat transfers, then the I Law reduces to:

=3

=3

He=
Zni'hi= Zﬂe'he
r P

Z f; |hﬂ} + _".h:|1 = Z n,: |hﬂ} + _"..‘rl._:|B

p
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Here, the temp of products is known as Adiabatic Flame temp’, which is the max. temp achieved for
given reactants. This is important in Gas turbines. Temp is controlled by adjusting the excess air supplied.

Flame temp is a maximum for stoichiometric mixtures.

Since the temp of products is not known to start with, adiabatic flame temp has to be calculated by trial

and error using the combustion tables given above.

In this connection, Urieli [Ref. 10] has given following suggestion:

“A quick approximation to the adiabatic flame temperature can be obtained by assuming that the products

consist entirely of air. This approach was introduced to us by Potter and Somerton in their Schaum’s

Outline of Thermodynamics for Engineers, in which they assumed all the products to be N,. We find it

more convenient to use air assuming a representative value of the Specific Heat Capacity of Air: C,
= 1.142 [KJ/kg K]

,1000K
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8.2 Problems solved with Mathcad:

Prob.8.2.1 Write combustion equations for C, H2, S and CH4 (i.e. Methane) for complete combustion

and find out the amount of air required for complete combustion.

Mathcad Solution:

For Carbon:

C+Qy=0C0, ...combustion eqgn.

By volume:  one mole of C + 1 mole of 02 = 1 mole of COZ, since combustion eqns are
mole eqns.

By mass: 12kg C + 32 kg 02 = 44 kg COZ

Therefare: 1 kg of C requires (32/12) = (8/3) kg of O2 for complete combustion

But, 1 kg of 02 is contained in 1/0.23 kg of air since air contains 23% oxygen by mass

Therefore: 1 kg of C requires (8/3)/0.23 = 11.5 kg of Air, for complete combustion

For Hydrogen:
JH, + Oy=2-H20  .._.combustion eqgn.

By volume: 2 mol of H2 + 1 mol of 02 = 2 mol of H20, since combustion eqns are mole
BgNS.

By mass: 4 kg H2 + 32 kg 02 = 36 kg H20
Therefore: 1 kg of H2 requires 8 kg of O2 for complete combustion
But, 1 kg of 02 is contained in 1/0.23 kg of air since air contains 23% oxygen by mass

Therefore: 1 kg of H2 requires (8/0.23) = 34.783 kg of Air, for complete combustion
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For Sulphur:

8+ 0,= 80, ....combustion eqgn.

By volume: 1 mol of S + 1 mal of 02 =1 mol of 302, since combustion eqns are mole
Bqns.

By mass: 32 kg S + 32 kg 02 = 64 kg 502

Therefore: 1 kg of 5 requires 1 kg of 02 for complete combustion
But, 1 kg of O2 is contained in 1/0.23 kg of air since air contains 23% oxygen by mass

Therefore: 1 kg of S requires (1/0.23) = 4.348 kg of Air, for complete combustion

Find out more and apply

redefining / standards
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For Mehane (CH4):

CHy + 20, =C0,y + 2H20 ....combustion egn.

By volume: 1 mol of CH4 + 2 maol of 02 =1 mol of CO2 + 2 mol of H20, since combustion
eqns are male eqgns.

By mass: 16 kg CH4 + 64 kg 02 = 44 kg CO2 + 36 kg H20
Therefare: 1 kg of CH4 requires 4 kg of O2 for complete combustion
But, 1 kg of 02 is contained in 1/0.23 kg of air since air contains 23% oxygen by mass

Therefore: 1 kg of CH4 requires (4/0.23) = 17.29 kg of Air, for complete combustion

Analysis by volume:

By volume: 1 mol of CH4 + 2 mal of 02 = 1 mol of CO2 + 2 maol of H20, since combustion
eqns are mole eqns.

i.e. Twvolume of CH4 + 2 volumes of 02 = 1 vol of CO2 + 2 vol of H2O

e, Tm*3ofCHY + 2 m*3of 02=1m"3 of CO2 + 2 m"3 of H2O

Mow, since air contains 21% by volume of 02, we get:

1 m#3 of CH4 requires (2/0.21) = 9.524 m*3 of Air for complete combustion.

Prob.8.2.2 A sample of fuel has following percentage composition by weight: C = 84%, 02 = 3.5%,
H2 = 10%, Ash = 1%, N2 = 1.5%. Determine: (i) stoichiometric AF ratio by mass (ii) if 20% excess air
is supplied, find the percentage composition of dry flue gases by volume. [VTU]

Mathcad Solution:

Data:
Considering 1 kg of fuel:

C=084 H2=01 N2 = 0015 02 = 00335 Ash =001
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Theoretical 02 required.... see problem 8.2.1:

For C: C. M kg O2 per kg fuel

s | oo
1
(2]
(]

ForHZ:  H28=08 kg O2 per kg fuel

Therefore: total O2 required: 224+ 08=304 kg O2 per kg fuel
Less: amount of 02 supplied by fuel= 0.035 kg

And, amount of thearetical 02 required to be supplied: 3.04 — 0.035 = 3.005 kg O2 per kg fuel

And, amount of theoretical 02 required to be supplied: 3.04 - 0033 = 3.005 kg 02 per kg fuel

3.0035
023

i.e. Amount of air to be supplied: = 13065 kg Air per kg fuel....Ans.

i.e. Stoichiometric AF ratio = 13.065 kg Air'kg fuel .... Ans.

Dry prodcts of combustion:

co2 o308 kg COZ per kg fuel

]

M2: coming from air supplied + from fuel itself  13.065-0.77 + 0.015 = 10075 kg

Therefore, total dry products: CO2 + M2 = 308 + 10075 = 13.155 kg

Then, mass analysis of dry products:

co2: 2% 1o0-25413 %
13.153
10.075

N2: 100 = 76587 %
13.135

If 20% excess air is supplied, then, products of combustion are:

CO2= 308 kg

M2: comes from air supplied + from fuel:  13.065-12.0.77 + 0013 = 12087 kg

02: comes only from excess air supplied: 1306502023 =0401 kg
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Therefore, total dry products formed per kg of fuel:
CO2+ N2+ 02=7308+ 12087 + 0601= 15768 kg

Then, mass analysis of dry products is:

12.087

[{2- 100 = T6.635 %
15.768
3.08

coz- 100= 19533 %
15.768

o2 8 o-zs %

15.768

Mass analysis is converted to volume analysis as follows:

76.655
> 2738

M2: proportional volume:

COZ: proportional volume: = 0444
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=1
—_
(R

aa

=10.119

02: proportional valume:

[FF)
(RN

Total proportional vol: 2738 + 0444 + 0.119 = 3301

Therefore, percentage of dry products by volume:

2738

M2- C100=82045 %
3.301
0.444

Co2: 100 = 13.45 %
3.301
0.110

02 100=3605 %
3.301

Alternative method:
Consider 100 kg of fuel.

Convert the components to kmol and write down the combustion eqn.

Data:

Considering 100 kg of fuel. It contains:

C=% Hl= 10 Nl= 13 02=33 Ash=1 kg

Converting to kmols:

Np = % (=3 Ne=T kmal
0 .

Nip = ey (=3 Npp =3 kmal

- 15 . - R

Ny = e e, Npyp=0034  kmol

- s . -

Npp = - (=3 Ny = 0.109 kmal
AL
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Disregard ash, which does not react.

TC+5H2+0054N2+010902+3(02+376MN2)=xC02+yH20 +z N2

Equating coeffs of C: T=x

Equating coeffs of H: M=2y e y=5&

Equating coeffs of O: 0109*2+2a=2x+y=19 e a=19301
Equating coeffs of MN2: 0054 +a*376=z e z=33364

Therefare, the combustion egn is:
TC+5H2+0054MN2+0109 02+ 8391({02+376N2)=7C02+5H20 + 35364 N2

Therefare, AF ratio:

AT= 0.301-4.76-20
100

= 12043 ....stoichiometric AF ratio

This matches well with the earlier AF value of 13.065

Then, mass analysis of dry products:
CO2:  ———  100=123725

35364-28 s o
(]

M2 ——— 100 = 76273
T-44 + 35364-28

These values also match well with the earlier values.
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If 20% excess air is used: It will reflect in excess 02 and N2 in the
products:

Products will contain:
TCOZ2+6H20+ (35364 +9391°02*3.76) M2 +(9.391 % 0.2) 02

Percentage of CO2, N2 and 02 by volume in products ([remembering that the
combustion egn is a 'mole egn’ or 'volume eqgn.’):

-
i

co2: : 100 = 13644 %
7 + (35364 + 9.391-0.2-3.76) + 9.391-0.2
5 Th 0237
- (35364 + 0.391-0.2-3.76) 100 2695 %
7+ (35364 + 9.391-0.2-3.76) + 9.391-0.2
0.391-02
02: 100=3661 %

T+ (35364 + 9391-02-3.76) + 939102

Note again, that these values match well with the values obtained earlier.
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Prob.8.2.3 Write down the complete combustion eqn for Propane (C3H8) and determine the theoretical
AF ratio.

Mathcad Solution:

Let the combustion eqn be:

C3HE + 2. (02 + 3.76 M2) =x. CO2 +y. H20 + (3.76.3). N2

(remember that 1 mole of O2 is accompanied by 3.76 moles of N2)

Equating coeffs of C: J=x
Equating coeffs of H: =2y e, y=4
Equating coeffs of O: 2a=2 x+y=10 ie. a=3

Therefore, the combustion eqn is:

C3HB + 5. (02 + 376 N2} =3. COZ + 4. H20 + 18.8. N2

Therefore, stoichiometric AF ratio by mass:

5-4.76-29
AF =
12:3 + §

=3 AF = 15686 ....AF ratio

Prob.8.2.4 Propane gas burns with 150% theoretical air at a pressure of 1 bar. If the air is dry, determine

the mole amounts of products and the dew point temp of the mixture.
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b) Plot dew point temp vs percent excess air.

Mathcad Solution:

Since we need sat. temp against sat. pressure of steam to find out dew point temp, let us first write
two simple Mathcad Functions for PSAT and TSAT:

We have taken tabular data from TEST.

For Sat. water vapor (Ref: TEST)

kPa deg.C
{0.61137 (0017

1 6.08

1.5 13.03

2 17.5

23 21.08

3 24.08

4 28.96

5 32.88

73 4020

psat = 10 tsat .= | 4381

15 33.97

20 60.06

25 64.97

30 69.1

40 7587

50 81.33

73 91.78

100 0963

o125 ) | 10599 )
Examples:
TSAT(P) := linterp( psat, tsat,F) TSAT(10)=4581 C
PSAT(T) := linterp(tsat, psat,T) PSAT(66) = 26247 kPa
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In the previous problem, we have already obtained the combustion eqn with 100% theoretical air
as:

C3HB + 5. (02 + 376 N2)=3. COZ + 4. H2Z0 + 18.8. N2

With 150% theoretical air, the excess 02 and N2 will show up in Products:

S0, we have:
CIHE+5(1.5)(02+376MN2)=3. CO2+4 H2Z0 + 188 N2+ {05*5)02+(0.5"5*3.76) N2

Therefore: Total no. of moles in Products:

Nipg=3+4+188+23+25376 ie. Nigp =377 kmal

laa

Therefore, mole fraction of each component of products:

-
a

Yoor = 510 e yepy =793 %
““tot
4 . o
Yo = T-IDD I.E. Vi = 10.61 -
““tot
23 .
Yor= 2 -100 I Yo1= 6.63 o
““tot

18.8 + 2.5-3.7%
_188+25376

}‘tnt

0 L8y = 74801 %

Dew point temp of mixture:

Find, first, partial pressure of water vapar in mixture. Then, sat. temp at that partial pressure
is the dew point temp.

P =1 bar._.. total pressure, by data
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P = ¥guo P --Partial pressure of water vapor

Mow, mole fraction of water vapor = 10.61% = 0.1061

e p_=01061 bar
e Py = 10.61 kPa

Now, corresponding to this p , find the sat. temp from the Mathcad Function written above:

Tdeu'p int = TS.—"LTI_ p“__:l

-3 TdE“’pDiﬂt = 46.806 C.... Ans.
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(b) Plot dew point temp vs excess air:

Write Dew point temp as a function of per-cent excess air:

In the previous problem, we have already obtained the combustion egn with 100% theoretical air
as:

C3HEG + 5. (02 + 376 N2)=3.C02 +4 HZ0 +18.8. N2

With excess air (in percent), the excess 02 and M2 end up in products.

Therefore, if the Percent excess air is included, we have:

C3HS + (1 + percent_excess_air/100)*5* (02 + 376 M2)=3. CO2 +4 H20 +18.8. N2
+{percent_excess_air/100) * 5 * 02 + (percent_excess_air/100) * 5 * 3.76 * N2

Let:  percent excess air = 30 P:=1 bar__ total pressure, by data

Then, total no. of males in products:

percent_excess aw . [, percent ewcess aw . |
100 100 J

Niptlpercent excess_air) =3+ 4+

Then. mole fraction of water in products:

4

Yol percent_excess_air) = — -
Niqtlpercent excess_air)

Dew point temp of mixture:

Find, first, partial pressure of water vapor in mixdure. Then, sat. temp at that partial pressure
is the dew point temp.

p(percent_excess_air P) = vl percent_excess_air)-P  bar..partial pressure of water vapor

Mow, dew point temp is the sat. temp. of water vapor corresponding to this pw.

Tde“.pnmt[perl:-ent_e:il:ess_a.ir_.P} = TSAT| p,( percent_excess_air . P)- 1I:I'I}_':| -..pressure in kPa

Tde“.pnmt[perl:-ent_e:il:ess_a.ir_.P} = 46806 C ... Ans
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Now, plot Tdewpoint Vs percent excess air:

percent_excess_air = 0,20 300 ...define a range variable
percent excess_air Tdewp ointl. percent_excess_air | F)
o 54.584
20 50.851
40 47.972
60 45766
a0 43427
100 41.536
120 39.87
140 g4
160 36.62
180 35.333
200 34.213
220 33.229
240 3219
260 31.163
280 30.242
300 29.412

Dew point (C) vs Percent excess air

(=}
A

1
o

4

40

Dew point temp (0

[}
A

B

1] 30 100 150 200 230 300
Percent axcess air (36)
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Prob.8.2.5 Octane (C8H18) gas is burnt with dry air. Volumetric analysis of the products by Orsat
apparatus is: CO2 = 10.02%, O2 = 5.62%, CO = 0.88%, and N2 = 83.48% (by balance). Determine: (i) AF

ratio (ii) percentage of theoretical air used (iii) excess air

Mathcad Solution:

Note: Analysis by Orsat apparatus is on 'dry basis’, i.e. water is not included. While writing
combustion eqn, we will have to remember add water.

WWriting for 100 kmol of dry products, combustion egn for the given conditions is:

¥ CAH18 + a (02 + 3.76 N2) =10.02. CO2 + 0.83.CO + 562 02 + 33.48. N2 + b H20

Equating coeffs of N2: 2 3.76= 8348 e,  a=22202

Equating coeffs of C: 8.x=1002+083=109 e  =z=1383

Equating coeffs of H: 18x=2h ie. h=12267

Therefare, the combustion eqn is:

1.363. CBH1E + 22.202. (02 + 3.76 N2)=10.02. COZ + 0.88.CO + 562 02 + 8348 N2 +
12.267.HZ20

Therefore: AF ratio is:

22.202-4.76-29
1.363-(12-8 + 18)

e, AF=19724 Actual AF ratio for this reaction .... Ans.

Theaoretical air or stoichiometric air:

We have the eqgn:

CBH18 + 125, (02 + 376 MN2)=8.CO2 + 9 H2O + 125 * 376 * N2
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Then, stoichiometric or Theoretical AF ratio:

12.3-476-29

AF, . o= o
stoich ™ "5 0 g

le.  AF_ .= 15136 Theoretical AF ratio .... Ans.

Therefore, excess air:

AF
Excess_air =
AF ctoich
I8 Excess_air = 1.303 i.e. 30.3% excess air ... Ans.

Prob.8.2.6 An unknown hydrocarbon CxHy reacts with air. Orsat analysis of products gives: CO2 =

12.1%, O2 = 3.8%, CO = 0.9%. Determine: (i) chemical eqn for actual reaction (ii) composition of fuel

(iii) AF ratio, and (iv) excess or deficiency of air used.[VTU]
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Mathcad Solution:

Note: Analysis by Orsat apparatus is on ‘dry basis’, i.e. water is not included. YWhile writing
combustion egn, we will have to remember add water.

Also, by balance, percentage of N2 in products = 83.2%.

Writing for 100 kmol of dry products, combustion egn for the given conditions is:

CH,+a (02+376N2)=121.C02+38. 02+03 CO+832 N2+bH20

Equating coeffs of N2: & 3.76=183.2 e,  a=22128

. 2.72128 = 2.12 2.3 e = 35
Equating coeffs of O 2222128=2-121+2-38+0%+b 1Le b= 11336

Equating coeffs of C: = 121+ 09 le.  x=13

Equating coeffs of H: y=2bh e,  b=23.12

Therefore, the combustion eqn is:

CyaHas 142 + 22128 (02 + 376 N2) = 12.1. CO2 + 3.8. 02 + 0.9. CO + 832 N2 + 11,556 H20

Therefore, AF ratio:

22.128-4.76-2
AF = 22.128-4.76-29
13-12 + 231121
ie.  AF=17034 ..AF ratio by mass. for this reaction .... Ans.

Note: Cy3Hos 442 is not the chemical formula of fuel. It only gives the carbon to hydrogen
ratio in the fuel.
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Stoichiometric AF rato:

We have the eqn for reaction:

CyaHas 112 + (37.556/2) (02 + 3.76 N2) = 13. CO2 + (23.112/2).H20 + 70.605.N2

Therefore, stoichiometric AF ratio:

18.778-4.76-20

T P ——
stoich 13-12 + 231121

ie.  AF 14472 ..Stoichiometric AF ratio by mass. .... Ans.

stoich =
Excess Air used:

Since actual AF = AF_ . . excess airis used:

sto

AF =1.178 .i.e. 17.8% excess air is used .... Ans.

AF stoich

Prob.8.2.7 An I.C. engine uses gasoline (C8H18) as fuel. The engine is supplied with 150% theoretical

air at 1 bar, 25 C. Analysis of exhaust gases shows that 75% of carbon in fuel is converted to CO2 and the

rest to CO. Combustion products leave the engine at 400 K. Calculate the amount of energy transferred

to the engine per kg of gasoline. Given: Enthalpy o formation for n-octane (gas) (i.e. gasoline) is -208,450

kJ/kmol. [Ref: 11]

Mathcad Solution:

From | Law, energy transferred is calculated as:

Q= Hproducts ~ PReactants

e Q = ZnEIhﬂ] + _‘||]:-.|_:3 — Enilhﬂ] + 1111:1
P f
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Mow, the eqn for the chemical reaction far stoichiometric combustion is:

CgHyg + 125 (02 + 376 N2) =8 CO2+ 3H20 + 125376 " N2

Therefare, AF ratio (on mass basis) is:

_ 125-476-29
12-8 + 18-1

i.e.  AF=13136 kg of air per kg of fuel

Mow, with 150% air, and 75% of C converted to COZ2 and 25% to CO, the combustion eqn
becomes:

CgHyg+1.6M25%02 + 376 N2) =6 CO2+2CO+93H20 + 72502 +705 N2

All reactants and products are in gaseous condition.

O
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Enthalpies of formation (hy) at standard condition of 298 K, for the compounds (from
the Table in section 8.1.7 (from TEST):

C8H18 (g) —> -208.450 kJ/kmol

CO2 (g) > -393.520 kJ/kmol

CO (g) = -110.530 kJ/kmal
H20 (g) —> -241.820 kJ/kmol

Remember that: enthalpy of formation for stable elements such as 02, N2, H2 is zero.

Mow, calculate H,, 4 and H,_,, separately, to apply the | Law:

Hpmduu:ts = Z O |h'ﬂ} - j‘h_.:'g
p

Now, Ah values (from Urieli’s Tables, given in section 8.1.8) for products at 400 K:

CO2 (g) —> 4008 kJikmol

CO (g) —= 2975 kJ/kmol

H20 (g) —> 3452 kJikmol
02 (g) = 3029 kl/kmol

N2 (g) —> 2971 kJikmal

Then, we have:
Hproducts = 6-(-393520 + 4008) + 2-(~110330 + 2975) + 9-(-241820 + 3452) + 7.25-(0 + 3029) + T0.5-(0 + 2971)

- &
I.e. Hpmdum = —4 466 = 10 kJikmol fuel

And, Hreactants = Z ny |hﬂ} * _*.h:|1
T

18 Hoitans = 11(-208450) + 1.5-125-(0 + 0) __..siince hg = 0 for 02 and N2

; 5
L8 Hactants = —2084 = 10 kJ/kmaol fuel
185
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Therefore: Q= Horoducts ~ Preactants

. i .
e, Q=-4238x 107 kJ/kmol fuel

Fow, 1 kg of CBH18 = 17114 kmol = 8.772 * 10%-3 kmol

- i
Therefare: Q= % kJfkg fuel

e Q=-3733x 10° kJikg fuel ....-ve sign indicating heat flowing out .... Ans.

b) In the above, Ah = (hT - hygg), and Ah values were taken from Urieli’s Tables, where the
datum was 298 K (i.e. h = 0 at 298 K).

Now, we can also use the conventional Ideal gas tables, given in section 8.1.8. Here, the only difference

is that datum is at 0 K, and we have to take enthalpy readings at temp T as well as at 298 K and subtract.

This procedure is shown below:

Ah = hy - hygg values from ldeal Gas Tables:

CO2 (g) —> (hagg - hasg) = (13372 - 9364) = 4008 kl/kmol

CO (g) —> (hagg - hasg) = (11644 - 8669) = 2975 kl/kmol

H20 (g) —> (hagg - hasg) = (13356 - 9904) = 3452 kl/kmol

02 (g) —* (Magg - Nagg) = (11711 - 8682) = 3029 kl/kmal

N2 (g) ~> (Nagq - Nogg) = (11640 - 8669) = 2971 kJ/kmal

These values match very well with values from Urieli’s Tables. Rest of the calculations are done as earlier.
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c) Another way is not to use the Tables, but calculate Ah as (cp . AT), cp being calculated from
the formulas given in Thermodynamics Text books for Ideal gases such as: CO2, CO, 02,
N2 etc. [Ref: 11]

We have:

-

a

—_ 5 =7
epeoa(T) = 45,369 + 3688107 T - 9619-10°-T | kJikmol

-

_ 5 -7
epeo(T) = 128.068 + 4631107 °-T = 0258-10°-T 2/ kJ/kmol

-1 |
Pr(T) = 28.85 + 1205510 -T+ 1.066-10°T - kJ/kmol

4
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-1 T _7
epoa(D) = 130255 + 1207107 T - 1887107772 KJikmol

-

eppa(T) = 2727 + 4930-107 -T + 0.333-10°-T kJfkmol

-1 T _7
eppry(T) = 27012 + 3.509-107 T+ 0.60-10°-T ~ kJfkmol

-

—_ 5 =70
epary(T) = 128747 + 25.108-107 T — 1546.10°T | kJ/kmol

-3 _ a - ]
epepa(T) = (17448 + 604401077 + 1117107 617 - 7200107 °.°)  Kikmol
-1 s A
ePg0p(T) = 47381 + 6.66-10 T - §430-10°-T 3 kikmal
Therefare, we have:
Ah = hy - hygg Vvalues from sp. heat formulas:
400 i
CO2Z (g) > (hagg - Nogg) = P T) dT = 3.936 = 10 kJikmaol
208
400 .
CO (g) > (hagg - Nagg) = eprolT) dT = 3.006 x 10° kJikmaol
208
~400 i
H20 () = (hagg - Nzgs) = cpro(T) dT = 3463 % 107 kdikmol
203
~400 i
02 (g} —= (hagg - zgs) = Poy(T)dT = 3074 x 107 kd/kmol
203
400 .
N2 (g) —= (hsgg - Nzgg) = cpp(T) dT = 2.986 x 10° kdfbemol
283
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Then, we have:

Hproducts = 6(-393520 + 3936) + 2(~110530 + 3006) + 9-(-241820 + 3463) + 7.25-(0 + 3074) + 70.5-(0 + 2986)

- - &
(=3 Hpmdum = —4 465 = 10 kJikal fuel

And, Hreactants = Z oy |hﬂ} * _".h:|1
1

I8 Hopanes = 1(-208450) + 1.5-125:(0 + 0) . siince hy = 0 for 02 and N2

. 3
L8 Hooctants = —2-084x 10 kdikmaol fuel

Therefore: Q= Hproducts ~ Freactants

le.  Q=-423Tx luﬁ kdfkmal fuel

Mow, 1 kg of CBH18 = 1/114 kmaol = 8.772 * 10%-3 kmal

1257108

114

Therefore: Q- kJfkgl fuel

le.  Q=-3T34x 1&4 kJikg fuel ....ve sign indicating heat flowing out .... Ans.

Prob.8.2.8 Determine the adiabatic flame temp when liquid octane (C8H18) at 25 C is burned with
300% theoretical air in a steady flow process.

Mathcad Solution:

For complete combustion of CgH, 4. stoichiometric eqn is:

CBH18 + 12.5 (02 + 3.76) N2 = § CO2 + 9 H20 + (12.5 * 3.76) N2

189
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Therefore, with 300 % theaoretical air, we have the combustion eqn:

CgHyg +37125(02+3.76) N2=8 CO2 + 9H20 + 25 02 + 141 N2
For adiabatic lame temp, @ = 0:
Then:

Hreactants = Fproducts

And, Hreactants = Z oy |hﬂ} - Jh:'t
r

18 Hiangs = 1(-249930) + 31250+ 0) . siince hg = 0 for 02 and N2

. 3
Le Hooctanes = —249%x 10 kJfkernal fuel .
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And,

Hpm ducts = Z ey |hﬂ} * jh__:'e
F

L8 Epoducts = 8393520 + Ahcgy) + 9(-241820 + Shgpg) + 25(0 + Ahgy) + 1410 + Al

....siince hg = 0 for 02 and M2
L8 Hproduets= ~5-393520 - 9241820 + 8-Aheyy + S-Ahypyg + 25-Ahgyy + 141-Alyg
. B .
l.e. Hprndun:ts = -3325-10 + |S_"Lh{:Dz + gjhmﬂ + 23_‘11102 + l-l-]._"lh'h:z:l

In the above, the temp of products which satisfies eqn. (A) is the Adiabatic Flame temp.
This has to be found out by trial and error.

Then from eqn_(A):

(8-8hey + 9-Ahppyg + 25-Ahgy + 141-Ahygy) = 5.325-10° - 2499-10°

i.e. |'_S-Ah{:m + Ay + 25-Ahgy + 141-;-.1-5\:2_} = 5075 = ll}ﬁ ..... eqn. (B)

Assuming that all the products are only M2, we get an approx. value for Thgme Then use it as
starting point to narrow down on the actual adiabatic flame temp.

Total no. of moles in products =8 + 9 + 25 + 141 = 183

Therefore: h= T =277k 1|}4 kJ/krnal

Mow, we can use Urieli's tables for M2 to get an initial value of Ty ..

We get, approx:  Tp, .= 1180 K
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Mow, start trial and error process to satisfy eqn. (B):

T=1100 K: LHS of eqn. (B} becomes:
8-38304 + 930167 + 23-26217 + 141- 24737 = 4720 = ll}ﬁ' ...less than EHS of eqn. (B)

T=1140 K: LHS of egn. (B} becomes:

B-41120 + 231876 + 23-27632 + 141-26091 = 4985 = ll}ﬁ ...slightly less than RHS of
eqn. (B)

T=1200 K: LHS of egn. (B} becomes:
B-44484 + 034476 + 23-20763 + 141-28108 = 5374 = ll}ﬁ ..slightly more than RHS of
eqn. (B}

Therefore, interpolate between 1140 K and 1200 K to get the value of T;
satisfy eqn. (B):

lame to

... 6 . .6 )
For 1 deg 5374 % 10 6-;.93::.: 10" _ ¢ iesw 100

15371 % 10% = 5.075 % 10°)

Therefore:  Tg. - = 1200 - -
6483 x 10°)

THame = 1134 x 1|:||3 K ....Adiabatic flame temp ... Ans.

Alternatively:

We can use eqns for cp to get Ah for the different components of products, and determine T as follows:

flame

We have the eqn. (B):

[S-.‘.hcm + 8-Ahprog + 25-Ahgy + 141-Alggy ) = 5075 % 106 ..... eqn. (B)

Start with a guess value:

TTflame = 1000 K.....guess value
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Given

[ TTfame ~TTlame ~TTlame A 5
5 Proyl ) dl + Q-J Pl T) dT + 25- epoa(THdT | .| = 3.075-10

| Y293 298 208 J
7 TTflame
+ 141- cpppy(T) dT
L 248 i

Find(TTflame) = 1.1599 = 10°

Thus: Tflame = 1160 K .....Adiabatic Flame temp.... Ans.

Note: See the ease with which Tflame is calculated.

This method is surely easier than the earlier method of referring to Tables and interpolating.
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(b) Plot the adiabatic flame temp as percent excess air varies from 0 to 300%:

Note: 300% theoretical air means 200% excess air.

percent_excess_air .= 200  __for the above problem

MNow, we have the stoichiometric eqn:

CBH1B + 12.5 (02 + 3.76) N2 = § CO2 + 9 H20 + (12.5 * 3.76) N2

Then, with percent_excess_air, excess 02 and N2 show up in products, and, we have the eqn
for combustion:

CBH18 + (1 + percent_excess_air/ 100)* 125 * {02 + 3.76) N2 =8 CO2 + 9 H20 +

(12.5 * 3.76) N2 + (percent_excess_air/100) * 12.5 * 02 + {percent_excess_air/100) " 12.5*
3.76 * M2

For adiabatic flame temp, @ = 0:

Then:

Hreactants= Fproducts eqn. (A)

And, Hioactants = Z 1y |hﬂ} + —"‘h:'i
T
18 Heoopants = 1(—240030) + 3-125-(0+ 0)  ....siince hg = 0 for O2 and M2
: 5
L Hoooctants = —2-4%% = 10 kJ/kmol fuel .

Mote that H___ ;.. @t 25 C does not depend on excess air.

And, we will write H_ . as a function of percent_excess_air:

Hproducts = Z Mg |hﬂ} * Jh__:'a

P
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ie.

Hpmducts[pEru:ent_exu:-ess_aj:} = 8-[-393520 + Ahea | + 9--241820 + Abprag) -

+12.5. Peru:ent_IE:;cess_ajrll.D . ) -

In' . - "'h'l )
+125376{ 1+ pemﬂt—;’;“ss—” (0 + Al
\ S N

,,

....slince hgy = 0 for 02 and N2

Writing Ah as integral of cp AT, we get:

[ TTflame A ~TTflame AR
Hpmducts(percent_excess_aj:} = S-. —3093520 + cpepa( T dT [+ 9'. —241820 + Pl 1 dT =
L 208 J i 208 J
TTflame 3
_ percent excess_air | [ |
+12.3-T-. 0+ epna(T) dT_
\ 288 A
i ercent excess_air | ( ( TTfame “-.
+1253761 1+ IJ—T— H o+ J epyy(T) €T |
i - S e )

We shall use the Solve block of Mathcad to get Adiabatic flame temp, TTflame, by equating
H

resctants Hpr::-du-::s'

Start with a guess value for TTflame:

TTflame = 1000 K

Given
[ ~TTflame Voo ~TTilame 1] )
8- -393320 + cPeon(T) T | + 9 —241820 + Pro(T) AT | ... [= 2489 x 10°
208 ) JoL 208 )
. | ~TTlame !
efefll eXCess ait | |
+125-2 - D+J Poa(T) dT | ...
L2 )
" ercent excess air | | T THame H.I
+125376f 1+ E 1% cppgy(T) dT
|“- _.l'l I - 1
i L 208 J ]
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Tflame{ percent excess_air) = Find({TTflame) ...Get Tflame as a function of percent_excess_air

(-3 Tflame{ percent_excess_air) = 116 x 107 K

Note: In the above, we have written Tflame as a function of percent_excess_air, so that it becomes

very easy to draw plots. See below:

Now, plot Tflame for different values of percent_excess_air:

percent_excess_air .= 0,20 300 . define a range variable
percent_excess_air Tflame{ percent_excess_air)
0 2413.84
20 214413
40 19357
G0 1769.72
a0 1634.4
100 1521.94
120 1426.99
140 134574
160 127542
180 1213.97
200 1159.8
220 1111.69
240 1068.68
260 1029.99
280 895
300 963.21
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Adiabatic flame temp vs %% excess air

Bodigbatic flame temp. (K
%

0 20 40 60 30 100 120 140 160 180 200 2200 240 260 230 300
Percent excess air (72)
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8.3 Problems solved with EES:

“Prob.8.3.1 A sample of fuel has following percentage composition by weight: C = 86%, O2 = 2%,

Ash = 1%, H2 = 8%, S = 3%. For an AF ratio of 12:1, determine: (i) stoichiometric AF ratio, and mixture

»

strength as percentage of rich or weak (ii) the percentage composition of dry flue gases by volume. [VTU]

“EES Solution:”

“Remembering that combustion eqns are ‘mole equations, let us convert the components of fuel to

respective moles and then write the combustion eqn. for 100 kg of fuel:”

N_C = 86/12“.no of kmols of Carbon”

N_02 = 2/32.no of kmols of oxygen”

N_H2 = 8/2“.no of kmols of hydrogen”

N_S = 3/32“.no of kmols of sulphur”

“Stoichiometric eqn. for combustion is:”

“N_C [C] + N_O2[02] + N_H2[H2] + N_S[S] + a (02 + 3.76 N2) = x [H20] +y [CO2] + z [SO2] +
w [N2]”

“Collect coeffs of carbon atoms:”

N C=y

“Collect coeffs of oxygen atoms:”

N_O2+a=x/2+y+z

“Collect coeffs of hydrogen atoms:”

N H2=x

“Collect coeffs of nitrogen atoms:”

376 *a=w

“Collect coeffs of sulphur atoms:”

N S=1z2
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“Solving the above eqns we get the coeffs N_C, N_0O2, N_H2, N_§, a, x, , z and w, and then we write

the combustion eqn:”

“N_C=7.167
N_0O2 =0.0625
N_H2=4
N_N2 = 0.0625]
N_S =0.09375
a=9.198

x=4

y =7.167

z =0.09375

w = 34.58

and, the combustion eqn is:”

“7.167 [C] + 0.0625[02] + 4[H2] + 0.09375[S] + 9.198 (02 + 3.76 N2) = 4 [H20] + 7.167 [CO2] +
0.09375 [SO2] + 34.58 [N2]”

“Therefore, Stoichoimetric AF ratio:”

AF_stoichio = (a * 4.76 * 29) / 100 “kg air/ kg fuel .....since 100 kg of fuel was taken”

“But, given that:”

AF_actual = 12

“Therefore:”

Ratio = AF_actual/AF_stoichio

“Volumetric analysis of dry combustion products:”
“Total no. of kmols of dry products is:”

N_tot=y+z+w

“Therefore, vol. analysis is:”

Vol_CO2 =y * 100 / N_tot “% by vol for CO2”

Vol_SO2 =2z * 100 / N_tot “% by vol for SO2”

Vol_N2 = w * 100 / N_tot “% by vol for N2”
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Results:

Unit Settings: 51 C kPa kJ mass deq

a="9138 [kmal] AF qotyal =12 AF staichio = 12.7

M = 7167 [kmol] Myz =4 [kmal] Mpz = 0.0625 [kmal]
Mg =0.09375 [kmal] Migt=41.54 [krmol] Fatio = 0.9451
Walpge = 1713 [%] Wolyz = 6265 %] Wolgpe = 0,224 [3]
w = 34.58 [kmal] x =4 [kmol] w=7167 [kmol]

z = 0.09375 [kmal]

Thus:

We see that AF_stoichio = 12.7, and the Ratio = 0.9451

Therefore:

It is a weak mixture, with 94.51% of theoretical air .... Ans.
Vol. analysis of dry combustion products is:

CO2 =17.13%, N2 = 82.65%, SO2 = 0.224% ... Ans.
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“Prob.8.3.2 Octane (C8H18) is burnt in air and an Orsat analysis of products yields: CO2 = 10.5%,
CO =1.8%, 02 = 5.3%, and N2 = 82.4%. Determine: (i) actual AF ratio on mol basis (ii) actual AF ratio

»

on mass basis, (iii) percent excess air, and (iv) dew point temp of the products. [VTU]

“EES Solution:”

“Remember that Orsat analysis is on ‘dry basis’ So, we have to add H20 in the products.

Considering 100 kMol of dry products, we write the combustion eqn.:”

“x. [C8H18] + a [O2 + 3.76 N2] = 10.5 [CO2] + 1.8 [CO] + 5.3 [O2] + 82.4 [N2] + b. [H20]”

“Collect coeffs of carbon atoms:”

8*x=105+1.38

“Collect coeffs of hydrogen atoms:”

18*x=2*Db

“Collect coeffs of nitrogen atoms:”

3.76 *a =824

“Therefore, actual AF ratio, on kmol basis:”

AF_kmolbasis = (a*4.76)/ x

“And, actual AF ratio, on mass basis:”

AF_massbasis = (a * 4.76 ¥ 29)/(x *( 12 * 8 + 18))

“Stoichiometric eqn is:”

“C8H18 + (12.5) (02 + 3.76 N2) = 8 CO2 + 9 H20 + (12.5 * 3.76) N2~

“Therefore, stoichiometric AF ratio:”

AF_stoichio = (12.5 * 4.76 * 29) / (12 * 8 + 18)

“Percent excess air:”

Percent_theor_air = (AF_massbasis / AF_stoichio) * 100
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“Dew point temp:”

N_tot = 100 + b “..total no. of moles in products”

y_H20 =b / N_tot “..mole fraction of H20O in products”

p_w =y_H20 * 1.01325 * 100 “kPa ... partial pressure of water vapor in products”

“Dew point temp is the sat. temp. at p_w:”

T_dewpoint = T_sat(Steam_NBS,P=p_w) “C ... dew point temp”

Results:
Unit Settings: 51 C kPa kJ mass deq

a=21.91 [kmaol] AFLmolhasiz = 5785
AF hasshasiz = 17.26 AF staichio = 19.14
b=1384 [kmol] Migt=113.8 [kmal]
Fercentyegr qir= 114 [%%] Py = 1232 [kPa]
T derwpoint =49.35 [C] x=1533 [kmol]
vHan= 01216

Thus:

Actual AF ratio on mol basis = 67.85 ..... Ans.

Actual AF ratio on mass basis = 17.26 .... Ans.

Stoichio. AF ratio (mass basis) = 15.14 .... Ans.

Percent theoretical air = 114 % ...i.e. 14% excess air .... Ans.

Dew point temp of products = 49.95 C .... Ans.

“Prob.8.3.3 Octane (C8H18) is burnt with 20% excess air. Determine: (i) stoichiometric AF ratio on
mass basis (ii) actual AF ratio on mass basis, and, (iii) dew point temp of the products.

(b) Also, plot the actual AF ratio and dew point temp as excess air varies from 0 to 200%”
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“EES Solution:”
“Data:”

percent_excess_air = 20 “%”

“Soichiometric eqn for combustion is, from earlier problem:”

“C8H18 + (12.5) (02 + 3.76 N2) = 8 CO2 + 9 H20 + (12.5 * 3.76) N2”

“Therefore, stoichiometric AF ratio:”

AF_stoichio = (12.5 * 4.76 * 29) / (12 * 8 + 18)

“Combustion eqn when there is excess air:

Now;, the excess 02 and N2 show up in products:”

“C8H18 + (1 + percent_excess_air/100) * (12.5) * (02 + 3.76 N2) = 8 CO2 + 9 H20 + (12.5 * 3.76) N2
+aa * O2 + bb * N2”

EXPERIENCE THE POW
FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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“where:”

aa = (percent_excess_air/100) * 12.5

bb = (percent_excess_air/100) * 12.5 * 3.76

“Therefore, actual AF ratio on mass basis:”

AF_actual = (1 + percent_excess_air/100)* 12.5* 4.76 * 29 / (8 * 12 + 18)
“Dew point temp:”

N_tot =8 + 9 + (12.5 * 3.76) + aa + bb “..total no. of moles in products”
y_H20 =9 / N_tot “...mole fraction of H2O in products”

p_w =y_H20 * 101.325 “kPa ... partial pressure of water vapor in products”
“Dew point temp is the sat. temp. at p_w:”

T_dewpoint = T_sat(Steam_NBS,P=p_w) “C ... dew point temp”

Results:

Unit Settings: 51 C kPa kJ mass deqg

aa = 2.5 [kmol] AF qopal = 1816

AF spoickio = 15.14 hb =84 [kmol]

Migt= 75.9 [kmol] percemtaycess air= 20 [*4]
Py = 1201 [kPa] T dewpaint = 49.46 [C]
oo =0.1186
Thus:

Actual AF ratio on mass basis, with 20% excess air = 18.16 .... Ans.

Stoichiometric AF ratio (mass basis) = 15.14 .... Ans.

Dew point temp of products, with 20% excess air = 49.46 C .... Ans.
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(b) Also, plot the actual AF ratio and dew point temp as excess air varies from 0 to 200%:

First, compute the Parametric Table:

| Table 1 ]
: ¥ hE hd
} per':emex-:ess.a AFEE’I:UEI Tl:lewpl:lint
111 [%] [C]
Fun 1 0 1514 5292
Fun 2 20 16.16 49 46
Fun 3 40 21.19 4656
Run 4 60 24 27 44 03
Fun &5 a0 27.24 4182
Fun B 100 3027 40.01
Fun 7 120 33.3 38.29
Run 8 140 36.33 36.74
Fun 9 160 39.35 35.32
Fun 10 180 42 38 34.02
Fun 11 200 45 41 3282
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Now, plot the Results:
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“Prob.8.3.4 The products of combustion of an unknown hydrocarbon fuel have the following composition,
as measured by Orsat apparatus: CO2 = 8%, CO = 0.9%, O2 = 8.8%, N2 = 82.3%. Calculate: (i) AF ratio

(ii) composition of fuel on mass basis (iii) percentage of theoretical air, on mass basis. [VTU]”
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“EES Solution:”

“Note that Orsat analysis gives composition of products on dry basis, and by volume. So, we have

to add water to products while writing the combustion eqn.

Writing the combustion eqn on 100 kmol dry products basis:”

“CxHy + a (02 + 3.76 N2) =8 CO2 + 0.9 CO + 8.8 O2 + 82.3 N2 + b. H20”

“Collect coeffs of carbon atoms:”

x=8+0.9

“Collect coeffs of oxygen atoms:”

2*a=2*8+09+88*2+Db

“Collect coeffs of nitrogen atoms:”

376 *a =823

“Collect coeffs of hydrogen atoms:”

y=2%b

“Then, actual AF ratio, on mass basis:”

AF_massbasis = (a * 4.76 * 29)/(x * 12+ y * 1)

“Composition of fuel, on mass basis:”

percent_carbon = (x * 12 * 100) / (x * 12 + y)

percent_hydrogen = (y * 1 * 100) / (x * 12 +y)

“Then, Stoichiometric AF ratio:”

“Consider 100 kg of fuel. It contains (85.2) kg C and (14.8) kg H2.

»

Air required for complete combustion of 85.2 kg C is: from C +O2 = CO2

207
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Air_for_C =85.2* (32/12)/0.23 “kg Air”
“Air required for complete combustion of 14.8 kg H2 is: from H2 + O = H20”
Air_for_H2 =14.8 * (16/2)/0.23 “kg air”

“Therefore: for 100 kg fuel, total air required:”

Air_total = Air_for C + Air_for_H2
“Therefore, stoichio. AF ratio:”
AF_stoichio = Air_total / 100

“Therefore, excess air:”

Ratio = AF_massbasis * 100 / AF_stoichio
“Excess air:”

Excess_air = Ratio — 100 “%”
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Results:

Unit Settings: 51 C kPa kJ mass deq

a=21.89 [kmol] AR nasshasis = o491

AF staichio = 15.03 Airfor = 9878 [ka)
Airfgr Hz =514.8 [ka] Airorg = 1503 [ka)
b=9277 [kmaol] Excessg = 6041 [3]
PEMCENt - ahon = 002 [5%] PErcenthydingen = 14.5 [*2]
Fatio =160.4 x =139 [kmal]

w=18.55 [kmal]

Thus:

Stoichiometric AF ratio, on mass basis = 15.03 .... Ans.

Actual AF ratio, on mass basis = 24.1 ... Ans.

Excess air = 60.41% .... Ans.

Composition of fuel on mass basis: C = 85.2%, H2 = 14.8% .... Ans.

“Prob.8.3.5 Write EES Functions for molar sp. heats at const. pressure, of a few species, which are useful

in combustion calculations”.

EES Solution:

$UnitSysyem SI kPa K k]

FUNCTION cp_CO2(T)

{Gives the sp. heat of CO2 (ideal gas), in kJ/kmol

Input: T in K}

A :=45.369; B := 8.688E-03; E := -9.619E05

cp_CO2:=A+B*T+E/TA2
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END

FUNCTION cp_CO(T)

{Gives the sp. heat of CO (ideal gas), in kJ/kmol

Input: T in K}

A :=28.068; B := 4.631E-03; E := -0.258E05

cp_.CO:=A+B*T+E/TA2

END

FUNCTION cp_H20(T)

{Gives the sp. heat of H20 (ideal gas), in kJ/kmol

Input: T in K}

A = 28.85; B := 12.055E-03; E := 1.006E05

cp_H20:=A +B*T+E/TA2

END

FUNCTION cp_02(T)

{Gives the sp. heat of O2 (ideal gas), in kJ/kmol

Input: T in K}

A :=30.255; B := 4.207E-03; E := -1.887E05
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cp_.O2:=A+B*T+E/TA2

END

FUNCTION cp_N2(T)

{Gives the sp. heat of N2 (ideal gas), in kJ/kmol

Input: T in K}

A :=27.27; B := 4.93E-03; E := 0.333E05

cp_ N2:=A+B*T+E/TA2

END

« »
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FUNCTION cp_H2(T)

{Gives the sp. heat of H2 (ideal gas), in kJ/kmol
Input: T in K}

A :=27.012; B := 3.509E-03; E := 0.690E05
cp.H2:=A+B*T+E/TA2

END

FUNCTION cp_NH3(T)

{Gives the sp. heat of NH3 (ideal gas), in kJ/kmol
Input: T in K}

A :=29.747; B := 25.108E-03; E := -1.546E05

cp_ NH3:=A+B*T+E/TA2

END

FUNCTION cp_CH4(T)

{Gives the sp. heat of CH4 (ideal gas), in kJ/kmol

Input: T in K}

A :=17.449; B := 60.449E-03; C := 1.117E-06; D := -7.204E-09
cp_.CH4:=A+B*T+C*TA2+D*TA3

END
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“Prob. 8.3.6 Calculate the enthalpy of combustion of gaseous methane in kJ/kg of fuel: (a) at 25 C, 1
atm, with liquid water in products (b) at 25 C, 1 atm, with water vapor in products, and (c) at 1000 K,
1 atm. [Ref: 3]”

“EES Solution:”

“The combustion eqn is:”

“CH4 + 2 (02 + 3.76 N2) = CO2 + 2 H20 + 7.52 N2”

“Enthalpy of combustion (h_RP) is given by:

h_RP = (H_P - H_R) , where H_P = enthalpy of products, H_R = enthalpy of reactants.
H_P = 1. (h_fo_CO2(g) + DELTAH_CO2) + 2. (h_fo_H20(liq) + DELTAH_H20)

H R =1. (h_fo_CH4(g) + DELTAH_CH4) + 2. (h_fo_O2 + DELTAH_O2)

All the DELTAH terms in the above are zero since the temp is 25 C. Also, remember that for N2, O2
enthalpy of formation, h_f0 = 0.

Getting enthalpy of formation (h_fo) values for CH4 (g), CO2, H20 from Tables:”
h_fo_CH4_g = -74850 “kJ/kmol”

h_f0_H20_liq = -285820“k]/kmol”

h_f0_CO2_g = -393520“k]/kmol”

“Then, we have:”

H P _case_a=1*h_f0_CO2_g + 2 * h_fo_H2O_liq “kJ/kmol of fuel”
H_R case_a=1*h_f0_CH4_g + 0”kJ/kmol of fuel”

“And, enthalpy of combustion:”

h_RP_case_a = H_P_case_a - H_R_case_a“kJ/kmol of fuel”

“Per unit mass of fuel:”

h_RP_perkg case_a = h_RP_case_a/16 “kJ/kg of CH4....16 being the Mol. wt. of CH4”
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“(b) When H2O0 in products is in vapor state:

Now, only change is in enthalpy of formation of water.

From Tables, we get:”

h_f0_H20_vap = -241820“k]J/kmol”

“Therefore:”

H_P case_b=1*h _f0_CO2_ g+ 2*h_f0_H20_vap “kJ/kmol of fuel”
H R _case_ b=1*h_fo_CH4_g + 0“kJ/kmol of fuel”

“And, enthalpy of combustion:”

h_RP_case_b = H_P_case_b - H_R_case_b"“kJ/kmol of fuel”

“Per unit mass of fuel:”

h_RP_caseb_perkg = h_RP_case_b/16 “k]/kg of CH4....16 being the Mol. wt. of CH4”

P
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“(c) When the temp of reactants and products is 1000 K:

Now, we will have to include the DELTAA values. We can, of course, refer to Tables, but, we do the

following:

DELTAN is calculated as: Deltah = cp * DELTAT, and we use the EES Functions written earlier for
molar sp. heats, to get DELTAh as integral of (cp.DELTAT) from 298K to 1000K, using the built-in EES
Function INTEGRAL”

“Therefore, we have:”

H_P_case_c=1*(h_fo_CO2_g+integral(cp_CO2(T), T, 298,1000)) + 2* (h_f0_H2O_vap + integral(cp_
H20(T), T, 298, 1000)) “kJ/kmol of fuel”

H_R_case_c=1* (h_fo_CH4_g + integral(cp_CH4(T), T, 298, 1000)) + 2 * integral(cp_O2(T), T, 298,
1000) “kJ/kmol of fuel”

“And, enthalpy of combustion:”

h_RP_case_c = H_P_case_c — H_R_case_c“kJ/kmol of fuel”

“Per unit mass of fuel:”

h_RP_casec_perkg = h_RP_case_c/16 “k]/kg of CH4....16 being the Mol. wt. of CH4”
“Case (d): Use built-in ehthalpy functions of EES to solve case (c):

Note the great advantage here: you just enter the function for enthalpy, need not separately include

enthalpy of formation.”
H_P_case_d = 1* Enthalpy(CO2,T=1000) + 2 * Enthalpy(H20,T=1000)“k]/kmol of fuel”
H_R case_d =1 * Enthalpy(CH4,T=1000) + 2 * Enthalpy(O2,T= 1000)“k]/kmol of fuel”

“And, enthalpy of combustion:”
h_RP_case_d = H_P_case_d - H_R_case_d“kJ/kmol of fuel”
“Per unit mass of fuel:”

h_RP_cased_perkg = h_RP_case_d/16 “kJ/kg of CH4....16 being the Mol. wt. of CH4”
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Results:

Unit Settings: 51 K kPa kJ molar deq

hi0,cH4,g = -7 4850 [lkfkrnol] hn,coz.q = -393520 [kd/kmol]
hioH20,5ig = -285820 [kJAmal] b H20 vap = -241820 [kdfkmal]
AP case,a =-985T6D [kJfkmal) Hp case =-B77160 [k/kmol]
Hp cazec =-791656 [kfmaol] Hp cazed =-7916595 [kfkmaol]
NRPcaseb perkg = 50744 [k/ko] NRP cases perkg = 50037 [kJfkg]
hRP cased perkg = -BO06S [kJfkg] HRP case.a=-690310 [kdfkmol]
hRP case b= -802310 [klfmaol] hEP caze,c=-000593 [kdfkmal]
NRP.case.d= 01097 hEP perkg.casea = 20044 [kdfhkd]
HR.case.a = -74850 [kl/kmal] HR case b =-74850 [lJfkmol]
HR casec = 84937 [kd/kmol] Hi case.d = 9402
T =1000 [K]

Thus:

Case (a):

Enthalpy of combustion at 25 C, 1 atm, (H20 in products in liq. state) = -55644 kJ/kg ... Ans.

Case (b):

Enthalpy of combustion at 25 C, 1 atm, (H2O in products in vapor state) = -50144 kJ/kg ... Ans.

Case (¢):

Enthalpy of combustion at 1000 K, 1 atm. = -50037 kJ/kg ... Ans.

Case (d): Using built-in enthalpy functions of EES:

Enthalpy of combustion at 1000 K, 1 atm. = -50069 kJ/kg ... Ans.

“Prob. 8.3.7 Liquid Octane (C8H18) at 25 C, 1 atm burns with 400% theoretical air which is also at the

same temp and pressure. Determine the temp of products of combustion. [Ref: 3]”

“EES Solution:”

T1=25+273 “K”
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“Eqn for stoichiometric combustion is:

C8HI8 + (12.5) (02 + 3.76 N2) = 8 CO2 + 9 H20 + (12.5 * 3.76) N2”

“Therefore, combustion eqn when there is 400% theoretical air:

Now, the excess O2 and N2 show up in products:

C8H18 + 4 * (12.5) (O2 + 3.76 N2) = 8 CO2 + 9 H20 + 37.5 02 + (4 * 12.5 * 3.76) N2

i.e. C8H18 + 50 O2 + 188 N2 = 8 CO2 + 9 H20 + 37.5 O2 + 188 N2”

“Therefore, to find the adiabatic flame temp, put H_P = H_R:
For H_R, we get the enthalpy of formation of C8H18 from Tables:”

h_f0_C8H18_liq = -249950 “kJ/kmol”

“And: to find Adiabatic flame temp, put H_P = H_R:”

H_R =h_f0_C8H18_liq + 50 * Enthalpy(O2,T=T1) + 188 * Enthalpy(N2,T=T1)“k]/kmol fuel”

H_P=8*Enthalpy(CO2,T=T_flame) + 9 * Enthalpy(H2O,T=T_flame) + 37.5* Enthalpy(O2,T=T_flame)
+ 188 * Enthalpy(N2,T=T_flame) “kJ/kmol fuel”

H_P =H_R “.finds T_flame (K)”

Results:

Unit Settings: 51 K kPa kJ molar deg

hio,caH18ig = -249950 [kl/kmol] Hp =-250989 [klkmol]
Hp =-2509589 [klkmol] T1 =298 [K]

THame = 9617 [K]

Thus:

Adiabatic flame temp = 961.7 K ... Ans.

Note: It is a great advantage with EES that we don’t have to resort to trial and error solution, as we
did while referring to Tables.
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“Prob.8.3.8 liq. Octane (C8H18) at 25 C, 1 atm. is burnt with 100% excess air, also entering at same
temp and pressure. Determine the adiabatic flame temp.

(b) Also, plot the adiabatic flame temp as excess air varies from 0 to 300%”

“EES Solution:”

“Data:”

T1=25+273 “K”

percent_excess_air = 100 “%”

“Soichiometric eqn for combustion is, from earlier problem:”
“C8H18 + (12.5) (02 + 3.76 N2) = 8 CO2 + 9 H20 + (12.5 * 3.76) N2~
“Combustion eqn when there is excess air:

Now, the excess O2 and N2 show up in products:”

360°
thinking.

Deloitte.

Discover thC truth at WWW.dClOitte,CalcareerS © Deloitte & Touche LLP and affiliated entities.
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“C8H18 + (1 + percent_excess_air/100) * (12.5) * (02 + 3.76 N2) = 8 CO2 + 9 H20 + (12.5 * 3.76) N2
+aa* 02 +bb*N2”

“where:”

aa = (percent_excess_air/100) * 12.5

bb = (percent_excess_air/100) * 12.5 * 3.76

“Therefore, to find the adiabatic flame temp, put H_P = H_R:

For H_R, we get the enthalpy of formation of C8H18 from Tables:”

h_f0_C8H18_liq = -249950 “kJ/kmol”

“And: to find Adiabatic flame temp, put H_P = H_R:”

H_R =h_f0_C8HI18_liq + (1 + percent_excess_air/100) * 12.5 * Enthalpy(O2,T=T1) + (1 + percent_
excess_air/100) * (12.5) * 3.76 * Enthalpy(N2,T=T1)“kJ/kmol fuel”

H_P=_8*Enthalpy(CO2,T=T_flame) + 9 * Enthalpy(H20,T=T_flame) + (12.5*3.76) * Enthalpy(N2,T=T_
flame) + bb * Enthalpy(N2,T=T_flame)+ aa * Enthalpy(O2,T=T_flame) “kJ/kmol fuel”

H_P =H_R “.finds T_flame (K)”

Results:

UInit Settings: S1 K kPa kJ molar deqg

ga =125 [kmol] bb =47 [kmal]
hig,caH18iq = 249950 [kJfkmol] Hp =-250470 [kdfkmol]
Hi =-250470 [kdikmal] percentaycess = 100 [*]
T1 =298 [K] Tharme = 1207 [K]

Thus:

Adiabatic flame temp for 100% excess air = 1507 K ... Ans.
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(b) Also, plot the adiabatic flame temp as excess air varies from 0 to 300%:

First, compute the Parametric Table:

1 ™= [
[\/: pememe:-ccess.a Tﬂame
1.21 [%] [K]

Run 1 0 2392
Run 2 20 2120
— R — e

- e o
“Runs | 30 1617
Run 6 100 1507
Run 7 120 1414
Run 8 140 1335
“Run9 | 160 1267
Run 10 180 1207
Run 11 200 1154
Run 12 220 1107
“Run13 | 240 1065
Run 14 260 1027
Run 15 280 992 9
Run 16 300 9617
“Run 17| 320 933.2
Run 18 340 907 1
Run 19 360 883
Run 20 380 8607
“Run21 | 400 540 1
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Now, plot the Results:

2400 Adiabatic Flame temp vs Percent excess air

2200

1200

1000

800 i
0 50 100 150 200 250 300 350 400

percentexcess,air [%]

“Prob.8.3.9 Methane (CH4) gas is burnt with 130% theoretical air in a closed tank. Both CH4 and air
are at 200 kPa and 298 K to start with, and the final temp in tank is 1000 K. Find the final pressure in
the tank and also the heat transfer.

(b) Plot final pressure and heat transfer as the final temp varies from 400 K to 1100 K”

“EES Solution:”

T1 =298 “K”
P1 =200 “kPa”
Tt = 1000 “K”

R_u = 8.314“kJ/kmol.K”

“Since it is a closed tank, we get heat transfer as Q = change in Internal energies at the initial and
final states. Also, U=H - Pv

And, final pressure is easily calculated from Ideal gas eqn.”
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“Stoichiometric eqn for combustion of CH4 is:”

“CH4 + 2 (02 + 3.76 N2) = CO2 + 2 H20 + 7.52 N2”

“Then, combustion eqn with 130% theoretical air is:

CH4 + (1 +0.3) *2* (02 + 3.76 N2) = CO2 + 2 H20 + 7.52 N2 + 0.6 O2 + (0.6 * 3.76) N2
i.e. CH4 + 2.6 (02 + 3.76 N2) = CO2 + 2 H20 + 0.6 O2 + 9.776 N2”

“ To find final pressure:”

“P1*V = N_reactants * R_u* T1

Pf* V = N_products * R_u * Tf, where N_reactants = no. of moles of reactants, N_products = no. of

moles of products”
“Therefore:”
N_reactants = 1 + 2.6 + (2.6 * 3.76)

N_products =1 + 2 + 7.52 + 0.6 + (0.6 * 3.76)

REALLY
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P1/ Pf = (N_reactants / N_products) * (T1 / Tf) “...finds Pf, kPa”

“Now, to find heat transfer, Q: Apply the I Law:”

U_R =7.5* (Enthalpy(CH4,T=T1) - R_u * T1) + 2.6 * (Enthalpy(O2,T=T1) - R_u* T1) + (2.6 * 3.76)
* (Enthalpy(N2,T=T1) - R_u * T1) “kJ/kmol fuel”

U_P = 1 * (Enthalpy(CO2,T=Tf) - R_u * Tf) + 2 * (Enthalpy(H20,T=Tf) - R_u * Tf) +0.6 *
(Enthalpy(O2,T=Tf) - R_u * Tf)+ 9.776 * (Enthalpy(N2,T=Tf) - R_u * Tf) “kJ/kmol fuel”

Q=U_R-U_P

Results:

Unit Settings: 51 K kPa kJ molar deg

MNproducts = 13.38 MNygactants = 13.38 P1 =200 [kPa]
Pf=671.1 [kPa] Q = 70647 [kJikmal] Ry, =8.314 [kJ/kmolK]
T1 =298 [K] T = 1000 [K] Up =-679451 [kJ/kmal]

Ug =-GOGE04 [kJkmol]

Thus:

Final pressure, Pf = 671.1 kPa .... Ans.

Heat transfer, Q = 70647 kJ/kmol fuel ... Ans.
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(b) Plot final pressure and heat transfer as the final temp varies from 400 K to 1100 K:

First, compute the Parametric Table:

™= ™| [

P Tf Pf Q

I8 K] [kPa] [kJ/kmol]
Run 1 400 268 5 271061
Run 2 500 3356 240322
Run 3 600 4027 208546
Run 4 700 469 8 175676
Run 5 800 536.9 141712
Run 6 900 604 10666
Run 7 1000 671.1 70647
Run B 1100 7383 33658

Now, plot the Results:

800

Final pressure Pf vs Final temp Tf

700

200
400 500 600  700__ 800 900 1000 1100
Tf [K]
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x 10°
3000

Heat transfer Q vs Final temp Tf
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“Prob. 8.3.10 A small gas turbine uses C8H18 (L) for fuel, and 400% theoretical air. The air and fuel enter
at 25 C and the products of combustion leave at 900 K. The output of engine and the fuel consumption
are measured and it is found that the specific fuel consumption is 0.25 kg/s of fuel per Megawatt output.

Determine the heat transfer from the engine. Assume complete combustion. [Ref: 2]”

“EES Solution:”

T1=25+273 “K”

T2 =900 “K”

“Eqn for stoichiometric combustion is:

C8HI8 + (12.5) (02 + 3.76 N2) = 8 CO2 + 9 H20 + (12.5 * 3.76) N2”

“Combustion eqn when there is 400% theoretical air:

Now, the excess O2 and N2 show up in products:
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C8H18 + 4 * (12.5) (O2 + 3.76 N2) = 8 CO2 + 9 H20 + 37.5 02 + (4 * 12.5 * 3.76) N2

i.e. C8H18 + 50 O2 + 188 N2 = 8 CO2 + 9 H20 + 37.5 O2 + 188 N2”

“Therefore, to find the heat transfer, Q, put: Q + H R=W + H_P:
For H_R, we get the enthalpy of formation of C8H18 from Tables:”

h_f0_C8H18_liq = -249950 “kJ/kmol .... enthalpy of formation of liq. octane”

“And:”

H R =h_fo_C8HI18_liq + 50 * Enthalpy(O2,T=T1) + 188 * Enthalpy(N2,T=T1)“k]J/kmol fuel”

H_P = 8 * Enthalpy(CO2,T=T2) + 9 * Enthalpy(H20,T=T2) + 37.5 * Enthalpy(O2,T=T2) + 188 *
Enthalpy(N2,T=T2) “kJ/kmol fuel”

W = (1000/0.25) * 114.23 “kJ/kmol, since by data, for 0.25 kg/s of fuel, there is 1000 kW of work output”

The Wake
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“Therefore:”

Q+H_R=W + H_P “..finds Q, kJ/kmol of fuel”

Results:

Unit Settings: 51 K kPa kJ molar deqg

hfo.caH1gliq = -249950 [kikmol] Hp =-752641 [kl/kmol]
Hg =-250989 [kJ/kmal] 0 =-44732 [kdkmal]
T1 =298 [K] T2 =800 [K]

Wy = 456920 [kJfkmol]

Thus:

Heat transfer, Q = -44732 kJ/kmol of fuel .... Ans. (-ve sign indicates heat being rejected)
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84 Problems solved with TEST:

It is very easy and convenient to make combustion calculations with TEST.

The combustion TEST Calc (or ‘daemon’ as it was called in earlier versions of TEST) is slightly different

to operate compared to other daemons.

Following are the important points to remember:

1. As with some other daemons, there are two types of combustion daemons: one

systems and the other for Open systems, as shown below:

|' TESTcalc Map: A Clickable Map of Java Based Thermodynamic Cafcufator“s]

thermofluids.net = TESTcalcs (Java Applets]

ctive Systems

for Closed

TESTeales

Basic Tools System Analysis States

o — I I—‘—I : | |

kd Biu
DeskCal Converter

Tables

[ — (
.!\ - Quad Closed DF‘F“ System States | Flow States |

| 5

| — i
Unsteady Closed Processes CD Open-3teady Systems Open Processes
| m——————
Cycles

Specific Generic Generic Specific
i I
| : [ — [ ) ] '
[Uniferm Sysiems‘ [Non-Uniform Mon-Mixing | lNDn-Unlfurm Semi-Mixing | |N0-"U”'lf0fm Mixing
[ 2 | . = - -
| Reciprocating C',rcles] _4 ' I Combustion and Chemical Equilibrium ‘
A R L = .
. Psychrometry 3

| [ l
[Si“B]e'HOW Svstems] [Non-l‘n."li:-:ing Multi-Flow Systems ] [Mixing Multi-Flow 51,ISLE-ms_]

Vapor Power and Vapor Compression and L—_‘ﬁ
Gas Power Cycles Gas Refrigeration Cycles Psychrometry

Combustion and
Chemical Equilibrium

Gas Dyr

p g

nAmics
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2. Hovering the mouse pointer over Closed ‘Combustion and Chemical Equilibrium’ daemon

gives following explanatory pop-up:

Node Specific Help

Reacting Processes ! i
; ; : : !
Analyze a closed process involving chemical reaction. Select from a suite of ! ( ! 5  atnte
TESTcalcs: premixed, non-premixed, and equilibrium daemons. ‘ A L !
P =1 I 1
B —
Chapters 13 and 14 cover combustion and chemical equilibrium. L4 ,‘ ?
------------ ]
4 bestate
" > »
BACK STOP PLAY FAST —
LS 4

3. Similarly, hovering the mouse pointer over Open ‘Combustion and Chemical Equilibriun’

daemon gives following explanatory pop-up:

Node Specific Help

Steady-State Reactors -] Species kg kmol  |Mass Fra.|Mole Frac..
Analyze open steady reacting systems such as a combustion chamber. Select from premixed (s8] 0.8918...| 0.0318..| 0.0030.. | 0.0030...
or non-premixed combustors for fundamental combustion analysis. Use the equilibrium c02 426082 | 09681 | 01465 | 00817

: 2 3 2 . H 0.0006... | 0.0006...| 0.0000...] 0.0000...
;E‘;STcalcto study emissions. For simulating a combustion chamber, check out the Combustion e 50285 | 0.0142. | 0.0000. | 00013

H2(L}
H20 35.6795.( 1.9805..| 0.1226..| 0.1877..

H20(L)
WETEy

TR
et

Chapters 13 and 14 cover combustion and equilibrium analysis.

-
[

4. Clicking on Closed Process ‘Combustion and Chemical Equilibrium’ gives the following

Material selection window:

Closed-Process Combustion TESTcalcs
|
Non-Premixed Combustion Premixed Combustion

L] L]
¢p = const.
™ 2 @

L™ a®
ev:ﬂR%"

1G Mixture Madel
5L Model

PG Mixture Model
5L Model

Known Overall Reaction Chemical Equilibrium Analysis

- L A 2R A=By
cp;const. pv.= RT i C—‘D—'@
a ° & . = ® C=D+E P
PG Mixture Model 1G Mixture Madel IGE Miiure Model IGE Mixture Model
SL Maodel 5L Maodel with Web Service
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5. Clicking on Open system ‘Combustion and Chemical Equilibrium’ gives the following

Material selection window:

Open-5teady Combustion TESTcalcs

Mon-Premixed Combustion

Premixed Combustion

L ™ [ L
Cp = const.
™ e @

I. ..
p;viRg'

Chemical Equilibrium Analysis

A=B+C
C=D+E

A;‘B—@

C=D+t

PG Mixture Model

1G Mixture Maodel

IGE Mixture Model

IGE Mixture Model

with Web Service

o
p = Const.

LR
. s ® ‘E'I.-’='R:!:

PG Mixture Madel

1G Mixture Model

6. Combustion daemon is built on the basic panel called the ‘Reaction panel’. It has 3 sections
or blocks as shown below: Fuel block, Oxidizer block and Products block:

[Non—Preml‘xed Open-Steady Combustion TESTcalc: n-IG Mode;’:\

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific - Combustion/ChemEqulibrium - undefined - n-1G Model

Look for accur: =nable the Turn Help On checkbox below

Super-Calculate

Device Panel

I (Eqv. Ratio) " ||Scaling Factor

# 81  English © Mass  © Mole [¥ Help Messages On ‘Super-nitialize

Reaction Panel State Panel IO Panel

| Select Onidizer w

kmaol kmal lemaol

kmal

7. We can select any one or more of fuels from the ‘Select Fuel(s)” widget. Similarly, any of the

oxidizers and Products can be selected from Oxidizer or Products widgets.
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8. After selecting a fuel, choose the required action from the ‘Select an action...” widget, and

then perform that action by clicking on ‘Perform Action”

|_'N0n—Premixed Open-Steady Combustion TESTealc: n-IG Mode;’]

thermofluids.net - TESTcalcs (Java Applets) - Systems . Open - Steady State - Specific - Combustion/ChemEqulibrium - undefined « n-IG Model

Look for accurate values ofvariables on this panel. For additional messages, enable the Turn Help On checkbox below,

* 51 € English  Mass  * Mole ¥ Help Messages On | Super-Calculate | | Super-Initi

Reaction Panel State Panel Device Panel

¥ ||Scaling Factor

Theoretical Combustion with Air
Select an Action After Choosing Fuel(s)

Initialize the Reaction Panel

Theoretical Combustion with Air
Theoretical Combustion with Oxygen

Excess/Deficient Air (set by lambda)

Products Block (try default selections first):

ORACLE
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it, protect it. Oracle is the name behind most of today’s most
innovative and successful organisations.

Oracle continuously offers international opportunities to top-level
graduates, mainly in our Sales, Consulting and Support teams.

If you want to join a company that will invest in your future,
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https://campus.oracle.com
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9. State panel calculates the States of Fuel, oxidizer or Products, as per the selection:

[Noanremixed Open-Steady Combustion TESTcalc: n-IG Modei]
thermofluids.net - TESTcalcs (Java Applets) - Systems -

Open - Steady State - Spedific + Combustion/ChemEqulibrium - undefined - n-1G Model

Move mouse over a variable to display i e with more precision.

# 81  English " Mass  Mole  Help Messages On Super_Calculate Superinitialize

Reaction Panel | State Panel

CETRCAR | < Select Together— [

Device Panel 110 Panel

10. Device panel: Here, we enter Q and W values. One thing to remember is that values
calculated here are not automatically transported to States panel, but we have to manually

copy and paste them in to the States panel, if required, to complete the States calculations.

[Non—Premixed Open-Steady Combustion TESTcalc: n-IG Modef]
thermofluids.net . TESTcalcs (Java Applets) - Systems - Open -

Steady State - Specific + Combustion/ChemEgulibrium - undefined - n-I1G Model

Move mouse over a variable to display

s value with more precision.

v Help Messages On Super-Calculate Super-initialize

State Panel | Device Panel | 110 Panel
<Jowien 5]
P2 LA State-Null [w

& 581 " English " Mass  Mole

Reaction Panel

; dot_ 2 | sdot_gen
] a | T | TSR < o] i v
Jdot_net Sdot_net
| KW v | KWK v
Steady Mixing Reacting Device - A
¥ ¢ i i State-Null:
Mass, Energy, and Entropy Equations:

It indicates that

0:(@1"‘”_?12)_”-% a port is closed.

0= (m!.l_}!.l +m!.2j=.2)—ms_;s +Q —Wm

7 WinHip:
) g [ Work in negative
0= (mﬂsil + Mg ) LU e ngm Heat in pOE?itiVE
&
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Prob. 8.4.1 Methane(gas) burns with theoretical air. Find out the AF ratio by moles and by mass.

(b) If 50% excess air is supplied, find the composition of products on mole basis, and also the Dew

point temp.

TEST Solution:

Following are the steps:

1. Select the Open, Steady combustion daemon, choose non-premixed (i.e. fuel and oxidizer
come in separate streams) Ideal Gas (IG) model. Various actions that are possible after

choosing the fuel are shown below:

\‘_Non—Premixed Open-Steady Combustion TESTcalc: n-1G Modef]

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific -+ Combustion/ChemEqulibrium - undefined - n-IG Model

KW [Net heat transfer rate]

# sl  English  Mass & Mole ¥ Help Messages On Super-Calculate Super-nitialize

Reaction Panel State Panel Device Panel I/0 Panel

L J\{%Theor Air) O iEqv v Smlmg Factor
Theoretical Combustion with Air I Perform Action
Selectan Action After Choosing Fuel(s) ~ "‘“""" [ “" st

|Initialize the Reaction Panel = v ‘ Oxidizer Block {try default): Se\ecl Oxidizer

Theoretical Combustion with Air
Theoretical Combustion with Oxygen

Excess/Deficient Air (set by lambda)

Products Block (try default selections first):

kmol kmol kmol

kmol kmol kmal kmol

2. Select Methane (CH4) as fuel, “Theoretical combustion with Air’ from Action widget, and

click on ‘Perform Action’ We get:

Mote: You can remove a default species by clicking its checkbox twice!

@ 8l English C Mass & Mole [ ok Moz sages O Super-Initialize |

Reaction Panel State Panel Device Panel 10 Panel

+ A (%Theor Air) [s] (Eqv Rano) ' Scalmg{actor
Theoretical Combustion with Air Perform Action
Vractlon lra(‘.(\m No Unit

|Se|ec1 Fuelis} v| Oxlilermk{k]defaliﬂ: Seled Oxidizer

« Melﬂane{CIM}

Products Block (try default selections first):
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Note that in the above, Moles radio button was chosen by default; also ,Air as oxidizer was chosen by
default. And, products compositions of CO2, H20 and N2, are shown. We find that:

AF ratio on mole basis: 9.5238 .... Ans.

3. To get AF ratio on Mass basis: Click Mass radio button: immediately, screen changes to:

Mote: You can remove a default species by clicking its checkbox twice!
& 81 € English “ Mass (" Mole [¥ Help Messages On Super-Calculate |

Reaction Panel State Pane Device Panel /0 Panel

|7 (Eav. Ratio) Scaling Factor

e o |
| Select Fuel(s) | Select Oxidizer v

+ ||Methane(CH4)
i -._F 3 il v kg kg

| |

Select Products b

luz I

Find out more and apply

redefining / standards
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Now, normalize reaction to get mass of air for 1 kg of fuel:

Note: You can remove a default s heckbox twice!

Super-Calculate

* 81 C English * Mass  Mole ¥ Help Messages On

Reaction Panel Siate Panel Device Panel

Products Block {try default selections first):

Reactive Systems

Supernitialize

10 Panel

+ Scalmg Factor
Nc Unit

Seler:t Oxidizer

Therefore: AF ratio = 17.2 on mass basis ... Ans.

4. If 50% excess air is supplied:

Choose X as 150%, and, from Action widget, select Excess/Deficient Air as shown below:

" English “ Mass  Mole ¥ Help Messages On Super-Calculate

Device Pane

« 8

Reaction Panel State Panel

Super-Initialize

IO Panel

+ |A (% Theor. Alr} II:I {Eqv. Rzmo} + Scallng Factor
Excess/Deficient Air (set by lambda) b
Nn Unit

b b ~

D A
(Convert Air to 02 and N2
el(s) Oxidizer Block (ti

Balance Reaction {by atom balance)
Air

defal

Select Oxidizer

Read As Is (all coefficients are set)

Multiply by the Scaling Factor

Mormalize Reaction (by mass or mole of fuel) ka
kg

Select Products

H20 N2

CO2

ke
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And, Click on ‘Perform action. We get:

81  English * Mass ¢ Mole ¥ Help Messages On

Reaction Panel State Panel

+ [Methaneicra) J

e v

Note that now, extra O2 and N2 show up in products.

Super-Caiculate |

Device Panel

Reactive Systems

Super-initialize

110 Panel

5. If we desire results on mole basis, select Mole radio button and Normalize, click Perform

Action. We get:

Error: This species has been already chosen.

& 81 ¢ English " Mass  Mole |¥ Help Messages On

Reaction Panel State Panel

Super-Calculate

Device Panel

Super-Initialize

110 Panel

v A [% Theor. Alr} RaI]o) / Scali
Normalize Reaction (by mass or mole of fuel) + NEENAT WSV
[ o

| Select Fuel(s)

¥ [Methane(CH4) _|
kmol v I kmol kmaol

Products Block (try default selections first):

Then, we observe:

Oxidizer Block (try default):

Select Ouidizer v

Total no. of moles in products =1 + 2 + 11.286 + 1 = 15.286

Mole fraction of water vapor in products = 2 / (15.286) = 0.131
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Therefore, partial pressure of water vapor = 0.131 * P = 0.131 bar = 13.1 kPa (where P = total pressure

of mixture = 1 bar)

And, corresponding dew point temp = sat. temp at this partial pressure = 50.87 C ..... Ans.

Prob. 8.4.2 4.4 kg propane gas is burnt completely with 3 kmol of air. Find excess air and molar analysis

of dry combustion products. [VTU]
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oraduates
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TEST Solution:

Following are the steps:

1. Select the Open, Steady combustion daemon, choose non-premixed (i.e. fuel and oxidizer
come in separate streams) Ideal Gas (IG) model. Select Propane for fuel, and for oxidizer, Air
is chosen by default. Fill up 4.4 kg and 3 mol respectively for Propane and Air. Select ‘Balance

Reaction (by atom balance)” from Action widget, and click on ‘Perform Action. We get:

[ Non-Premixed Open-Steady Combustion TESTcalc: n-IG Modea’]

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific - Combustion/ChemEqulibrium -« undefined - n-I1G Madel

Wdot_ext= KW [External work transfer rate]

& sl (" English £ Mass & Mole [¥ Help Messages On

Reaction Panel State Panel Device Panel

/iPropane{C:!Hs;

Note that composition of products is calculated.

Molar analysis of dry combustion products (i.e. ignoring H20):

Total no. of moles of CO2 + N2 + O2 = 0.2993 + 2.37 + 0.1311 = 2.8004 kmol

Therefore,

mole% of CO2 = 0.2993 * 100 / 2.8 = 10.689% ... Ans.

mole% of N2 =2.37 * 100 / 2.8 = 84.643% .... Ans.

mole% of O2 = 0.1311 * 100 / 2.8 = 4.682% ... Ans.
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2. To get results on mass basis for this reaction, we select Mass radio button, and we get:

Wdot_ext= kW [External work transfer rate]

81 ¢ English “ Mass " Mole ¥ Help Messages On Super-Calculate | Super-initialize

Reaction Panel State Panel Device Panel

+ A{% Theor. Nr} lu} {Eq\r Raho} v Scallng Factor
lractmsn Vradlnn 'No Unit

| SelectFuel(s) Oxidizer Block {try default): Selectoxwdlzer

+ |[Propane(C3He) ' _ :
h kg _

Products Block (try default selections first):

Therefore, actual AF ratio = 86.91 / 4.4 = 19.752 on mass basis.

3. To get stoichiometric AF ratio: select “Theoretical combustion with Air’ from Action widget,

and click on ‘Perform Action’ We get:

MNote: You can remove a default species by clicking its checkbox twice!

& sI  English & Mass " Mole ¥ Help Mes<ages On Super Calculate m Super-nitialize

Reaction Panel State Panel Device Panel 12 Panel

¥ |A (% Theor. Air) I qv. Ratio) + | Scaling Factor
Theoretical Combustion with Air hal | Perform Action
—
'|SelectFueI{5} | Select Oxidizer w

v Propane(C3H8)

We see that: Stoichio. AF ratio = 15.6409 on mass basis.
Therefore, (Actual AF / Stoichio. AF) = 1.263 = 126.3%

i.e. Excess air = 26.3% ... Ans.

239

Download free eBooks at bookboon.com



Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Reactive Systems

Prob. 8.4.3 A hydrocarbon fuel C,H,_ is burnt with 50% excess air. Determine the volumetric (molal)
analysis of products of combustion and also the dew point temp of products, if the pressure is 101 kPa.
[VTU]

TEST Solution:

Following are the steps:

1. Select the Open, Steady combustion daemon, choose non-premixed (i.e. fuel and oxidizer
come in separate streams) Ideal Gas (IG) model. Select C12H26 for fuel, and for oxidizer,
Air is chosen by default. Change A to 150% (since 50% excess air). Select ‘Excess/Deficient

Air’ from Action widget, and click on ‘Perform Action’ We get:

|'Non—Dremixed Open-Steady Combustion TESTcalc: n-IG Mode:’]

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific «+ Combustion/ChemEqulibrium - undefined - n-I1G Model

Error: This species has been already chosen.

# sl € English " Mass & Mole ¥ iHicip Messagesn

Reaction Panel State Panel Device Panel

+ ||Scaling Factor

Oxidizer Block (try defauit): Select Oxidizer v

v [DoDecane(C12H26) Air
kol v I emal kmol & |

Thus, mole fraction of products:

Total no. of moles in products = 138.643

Mole% of CO2 =12 * 100 / 138.643 = 8.655% ... Ans.

Mole% of H20 =13 * 100 / 138.643 = 9.377% .... Ans.

Mole% of N2 = 104.393 * 100 / 138.643 = 75.296% ... Ans.

Mole% of O2 =9.25 * 100 / 138.643 = 6.672% .... Ans.
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2. Dew point temp:

Knowing that mole fraction of H20 is 0.09377, we get the partial pressure of water vapor in
products = 101 * 0.09377 = 9.471 kPa (where P = 101 kPa = total pressure).

Dew point temp is the sat. temp corresponding to this partial pressure:

We get: Dew point temp = 44.642 C .... Ans.
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3. In addition, to get the Stoichio. AF ratio:

Select Mass radio button, and also select ‘Theoretical combustion with Air’ as Action item,

and click on ‘Perform Action. Immediately, we get:

& sl ¢ English @ Mass ¢ Mole ¥ Help Messages On Super-Calculate m Super-nitialize
Reaction Panel State Panel Device Panel 0 Panel
A (% Theor. Air) ID {Eqv. Raﬁo} i Saillngfactor
Theoretical Combustion with Air v A
‘SelemFuel[s} v|' Oxidizer Blo try defa Select Oxidizer

Select Products »
CO2 H20 N2

ks v be v

Thus: Theoretical or Stoichiometric AF ratio (by mass) = 15.012 ... Ans.

Prob. 8.4.4 A sample of fuel has following percentage composition by weight: C = 84%, O2 = 3.5%,
H2 = 10%, Ash = 1%, N2 = 1.5%. Determine: (i) stoichiometric AF ratio by mass (ii) if 20% excess air
is supplied, find the percentage composition of dry flue gases by volume. [VTU]

Note: This is the same as Prob.8.2.2, solved with Mathcad.
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Now, let us solve it with TEST:

Following are the steps:

1. Select the Open, Steady combustion daemon, choose non-premixed (i.e. fuel and oxidizer
come in separate streams) Ideal Gas (IG) model. Choose Mass radio button. Select fuels: C,
H2, Ash, O2 and N2 and fill in the fractions as shown. Air is chosen as oxidizer, by default.
Select ‘Read As Is’ from Action widget, and click on ‘Perform Action. Then, select “Theoretical

Combustion with Air’ from Action widget, and click on ‘Perform Action. We get:

[Non—Dremixed Open-Steady Combustion TESTcalc: n-IG Modef]

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific - Combustion/ChemEqulibrium - undefined - n-I1G Maodel

Mote: You can remove a default species by clicking its checkbox twice!

# 81 ¢ English “ Mass  Mole [¥ Help Messages On Super-Calculate | Super-nitialize

Reaction Panel State Panel Device Panel "0 Panel

A (% Theor. Air} ID (Eqv. Ratio} Scaling Factor
Theoretical Combustion with Air v I Perform Action | l—
. T fraction fraction Mo Unit

[Seect s 5| cier oo i ety

7 [cis) Y T + [Ashis)

¥ |02

Products Block (try default selections first):

Therefore, we read: Stoichiometric AF ratio = 12.92, by mass.... Ans.
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1. With 20% Excess air: Change A to 1.2 (i.e. 20% excess air). From Action widget, select
‘Excess/Deficient Air (set by Lambda)” and click on ‘Perform Action’ Immediately, we get:

Error: This species has been already chosen.
81  English * Mass © Mole [ Help Messages On Super-Calculate M

Reaction Panel

 ExcessDeficient Air (setby lambda) v || ] | JAOSTR AR T ey ) [Scaing Factor
Excess/Deficient Air {set by lambda) bl | Perform Action
1.2 |fraction | |

Selecl Cridizer

iSeIeCl Fuelis}

« cts) | JHz | ] I er '
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2. Then, to get Products by volume, choose the Mole radio button. Immediately, we get:

Error: This

€Sl Cenglsn  Class CMole [ hephessieson

Reaction Panel State Panel Device Panel 10 Panel

O (Egv. Ratio} IScaHng Factor
fraction Ho Unit

Select Oxidizer v

Then, we observe:

Percentage of dry products by volume:

Total no. of kmol for products (excluding ash and H20): 0.5119 kmol

% CO2 =0.0699 * 100/ 0.5119 = 13.658% .... Ans.

% N2 =0.4328 * 100 / 0.5119 = 84.564% .... Ans.

% 02 =0.0187 * 100 / 0.5119 = 3.517% .... Ans.

Prob. 8.4.5 Methane (CH4) is burnt with atm. air. The analysis of products of combustion on a dry basis
is as follows: CO2 = 10%, O2 = 2.37%, CO = 0.53%, N2 = 87.1%. Calculate the AF ratio and the percent

theoretical air and determine the combustion equation. [VTU]
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TEST Solution:

Following are the steps:

2. Select the Open, Steady combustion daemon, choose non-premixed (i.e. fuel and oxidizer
come in separate streams) Ideal Gas (IG) model. Choose Mole radio button. Select fuel: CH4,

and in the Products block fill in the fractions as shown. Air is chosen as oxidizer, by default.

d a
8 English " Mass ~ Mole ¥ Help Messages On Super-{:alculate| m Super-Initialize

Reaction Panel State Panel Device Panel I#Q Panel

+ |A (% Theor. A:r} o {Eqv Rano} + Scaiing Factor
Read As Is (all coefficients are set) & | p A
i'r ction v |M1  |fraction ND Unit

|*

Excess/Deficient Air (set by lambda)

(Convert Air to 02 and N2 el(s} Select Oxidizer

Balance Reaction (by atom balance) Alr

— s - — L kmal kmal v

Normalize Reaction (by mass or mole of fuel) % g l

Prod B efa ele Select Products v
¥ |Cco2 H20 ¥ |IN2 ¥ [CO

10 kmal v kmal v 1871 kmal v llos3 kmal v
¥ |02

2.37 [kmat v
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3. Select ‘Read As Is’ from Action widget, and click on ‘Perform Action’. We get:

& 81 " English " Mass  Mole  Help Messages On SuperCalculate m Superinitialize
Reaction Panel State Panel Device Panel 110 Panel
A (%6 Theor. Air} o {Eqv Ratio) Scaling Factor
Read As Is {all coefficients are set) v
fraction fraction Ho Unit
|Se|er.1 Fuelis} try de Select Oxidizer

Memane(cw)

Air
lkemol kmal kmaol kmal lkkmol
I kmol kmol I kmol kmol lemal

o Select Products o~
+ |CO2 H20 + [N2 ¥ [[CO
i v
7 (02 J
kmol v kmol kmol kmol
< . b) . .
4. Select ‘Balance Reaction (by atom balance)’ from the Action widget:
@ 81 ¢ English  Mass * Mole ¥ Help Messages On Super-Calculate Super-Initialize
Reaction Panel State Panel Devica Panel 110 Panel
A (% Theor. Air) o {Ew Ratio) Scaling Factor
Balance Reaction (by atom balance) ~ -
Excess/Deficient Air (set by lambda) A Rsoson kacton il
Convert Air to 02 and N2 N
elis} Bl ry de Select Oxidizer
7 Re b b = 7
|Read As Is (all coefficients are set) 3 ! Air
Normalize Reaction (by mass or mole of fuel) [ ol i cizick
|nuitiply by the Scaling Factor v 1 I l
kmol kmol kmol krnol kmol
Prod o d electio Select Products -
¥ [[CO2 H20 + [[N2 ¥ ICO
= v
+ |02
kol v kmol ol kmol
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5. And, click on ‘Perform Action. We get:

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific - Combustion/ChemEqulibrium - undefined - n-IG Model

Look for accurate values of variables on this panel. For additional me anable the Turn Help On checkbox below

81  English " Mass & Mole [¥ Help Messages On Super-Calculate | Super-initialize

Reaction Panel State Panel Device Panel i0 Panel

- A (% Theor. Air} o (Eqv Ratio) Scafmg Factor
Balance Reaction (by atom balance) b I Perform Action
™ |r:|"l|vr| |\ Unit
‘Select Fuel(s) v[ Oxidizer Block (try default): Select Oxidizer
Iuemaneccmp

kmaol

Therefore, combustion eqn is:
10.53 CH4 + (110.253/4.76). (02 + 3.76 N2) = 10 CO2 + 21.06 H20 + 87.1 N2 + 0.53 CO + 2.358 02

6. To convert by mass, simply choose Mass radio button. Immediately, we get:

ate values of variables on this panel. For additional r es, enable the Turn Help O eckbox below.
# 81  English * Mass © Mole [¥ Help Messages On Super-Calculate Super-Initialize

Reaction Panel State Panel Device Panel 110 Panel

A (96 Theor. Air) ' Sl:afrrrg Facior
Balance Reaction (by atom balance) v I Perform Action
u.: Unit

fraction fraction

| select Fuel(s) Select Oxidizer v
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7. To get the eqn on unit mass of fuel basis: choose ‘Normalize Reaction’ in Action widget,

and click on ‘Perform Action’ We get:

" English # Mass © Mole  Help Messages On Super-Calculate m Super-Initialize

* 8|
Reaction Panel State Panel Device Panel WO Panel

A (9% Theor Air)

fraction Mo Unit

ID (Eqv. Ratio) Scaling Factor

Normalize Reaction (by mass or mole of fuel)

|Se|ec,1 Fuel(s} v 0 izer Bl a Select Oxidizer ~
Methane(CH4) J Alr

leg B kg kg kg el

Prod Blo try de electio Select Products bt
¥ |[co2 H20 ¥ N2 ¥ |CO
kg v kg v = 3
102
,ﬁ | kg kg kg
We read from the above: AF = 18.91 by mass basis. ... Ans.
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Reactive Systems

8. To get Theoretical Air required: Choose ‘“Theoretical Combustion with Air’ from Action

widget, and click on ‘Perform Action. We get:

Note: You can remove a default species by clicking its checkbox twicel

& sl English & Mass © Mole ¥ Help IWossages On

Reaction Panel State Panel Device Panel

O (Eqv. Ratio)

Theoretical Combustion with Air i I Perform Action |

| Select Fuel(s)

v [ Methane(CH4) '

==

We see that: Theoretical AF ratio = 17.2 by mass.
Therefore, percent theoretical air = 18.91 * 100 / 17.2 = 109.942%

i.e. 9.942 % excess air ... Ans.

fracti

10 Panel

Scaling Factor
ion Ho Unit

Select Oxidizer v

Prob. 8.4.6 The products of combustion of an unknown hydrocarbon

CxHy have the following

composition as measured by an Orsat apparatus: CO2 = 8%, CO = 0.9%, O2 = 8.8%, N2 = 82.3%.

Determine: (i) the composition of fuel (ii) AF ratio (iii) The percent excess

250

Download free eBooks at bookboon.com

air used. [VTU]



Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Reactive Systems

TEST Solution:

Following are the steps:

1. Select the Open, Steady combustion daemon, choose non-premixed (i.e. fuel and oxidizer
come in separate streams) Ideal Gas (IG) model. Choose Mole radio button. Select fuels: C
and H2, and in the Products block fill in the fractions as shown. Air is chosen as oxidizer,
by default. Select ‘Read As Is’ from Action widget, and click on ‘Perform Action’ to register
the entered values:

[Non—Dremixed Open-Steady Combustion TESTcalc: n-IG Modef]

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific - Combustion/ChemEqulibrium - undefined - n-IG Model

@ 81  English " Mass  Mole ¥ Help Messages On Super-Calculate m Super-nitialize

Reaction Panel State Pane! Device Panel 110 Panel

+ [A (% Theor. Air) IEI (Eqv. Ratio) < Smlmg Factor
Read As Is (all coefficients are set) »
|Se|ec‘t Fuel(s} v| Oxidizer Blo defa Select Oxidizer

os) | air
lkrnol kmol kmaol kmaol
] kmol kmol I kmol kmaol kmol

Select Products »
+ lco2 H20 + [IN2 ¥ |02
kmol kmol e lemal “
«|co _l
kmol v kmol kmol kmol

2. Next, select ‘Balance Reaction (by atom balance)’ and click on ‘Perform Action.

Immediately, the eqn is balanced and we get:

Error: This species has been already chosen

& sl English  Mass & Mole ¥ Help Messages On Super-Calculate m Super-initialize

Reaction Panel State Panel Device Panel liC Panel

+ A{%‘Fheor Air) EI{Eqv Rano} L Scalingractor
Balance Reaction (by atom balance) I Perform Ax.t\un
h—ar.hon Frar.hun No Unit

|Se{ect Fuelis} Oxidizer Block (try defauit): Seled Oxidizer

| m___m
I lamol kol kol

Products Block {try default selections first):

¥+ |CO2
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3. To convert on mass basis: click on Mass radio button. Immediately, we get:

Error: This species has been already chosen.

7 sl English @ Mass  Mole > Hidip Measages:on
evice Panel

Reaction Panel

+ A (% Theor. Air) ] ¥ || Scaling Factor

10 fraction | ] al | Mo Unit

=
JIE
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4. To get on unit mass of fuel basis: select ‘Normalize Reaction’ from Action widget, and click

on ‘Perform Action’ We get:

Error: This species has been already chosen

& 51 C English * Mass  Mole ¥ Help Messages On

Reaction Panel State Panel

Thus, Fuel contains: 14.86% by mass of H2 and 85.14% by mass of C..... Ans.

And, actual AF ratio, by mass = 24.04 .... Ans.

5. To find ‘Theoretical air’: select “Theoretical combustion with Air’ from Action widget, and

click on ‘Perform Action’ We get:

& 8l € English & Mass © Mole [ HoliMess a0 On Super-Calculate m Super-nitialize
Reaction Panel State Panel Device Panel 110 Panel
+ A{%Theor Air) O (Equ. Rzmo} + Scalmg Factor
Theoretical Combustion with Air v
‘Seled Fuel(s) Oxidizer Blo . Select Oxidizer

Prod electio Select Products M
co2 H20 N2
ka ¥ ko
kg 9 kg kg

And, Theoretical (or stoichiometric) AF ratio, by mass = 14.86 .... Ans.
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6. Excess air: (Actual AF ratio) / (Theoeretical AF ratio) = 24.04/14.86 = 1.618 = 161.8%

Therefore, Excess air = 61.8% .... Ans.

Note: See the ease with which these calculations are made in TEST.

Prob. 8.4.7 The analysis of dry exhaust gas from an internal combustion engine gave 12% CO2, 2% CO,
4% CH4, 1% H2, 4.5% 02, 76.5% N2. Calculate the proportions by mass of carbon to hydrogen in the
fuel, assuming it to be a pure hydrocarbon fuel, and the AF ratio used. [VTU]

TEST Solution:

Following are the steps:

1. Select the Open, Steady combustion daemon, choose non-premixed (i.e. fuel and oxidizer
come in separate streams) Ideal Gas (IG) model. Choose Mole radio button. Select fuels: C
and H2, and in the Products block, fill in the fractions as shown. Air is chosen as oxidizer,
by default. Select ‘Read As Is’ from Action widget, and click on ‘Perform Action’ to register
the entered values. Then, select ‘Balance Reaction’ from the Action widget, and click on

‘Perform Action’ We get:

[Nen-Premixed Open-Steady Combustion TESTcalc: n-IG Model |

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific - Combustion/ChemEqulibrium - undefined - n-IG Model

Error: You must select a fuel before using any ofthe reaction commands.

# 81 € English £ Mass & Mole I¥ Help Messages On m

Reaction Panel State Panel Device Panel
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2. To convert it on mass basis, simply select the Mass radio button. Immediately, we get:

[Noanrem\'xed Open-Steady Combustion TESTcalc: n-1G Model |

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific « Combustion/ChemEqulibrium - undefined - n-IG Model

“ 81 ¢ English * Mass ¢ Mole |¥ Help Messages On Super-Calculate | Super-Initiali

Reaction Panel State Panel Device Panel i Panel
' M%Theor Air) II:I {Eqv. Raﬁo} v Scalmg Factor
Balance Reaction {by atom balance) > A
|Selec{ Fuel(s} Dxidizer Blo defa Select Oxidizer

kg kg kg L
electio Select Products B
¥ |co2 H20 ¥ [[N2 ¥ |02
+ |CO ¥ |Methane(CH4) + |H2
o v

3. Now, to get it for unit mass of fuel, select ‘Normalize Reaction’ from ction widget, and

click on ‘Perform Action’ We get:

* 81 ¢ English * Mass  WMole ¥ Help Messages On Super-Calculate Super-nitialize
Reaction Panel State Panel Device Panel 1i0 Panel
+ ||A (% Theor. Air) O (Eqv. Ratio) + Scalmg Factor
Normalize Reaction {by mass or mole of fuel) A _
[acion 9] [acton ] [houmk 9|
‘Seled Fuel(s) Dxidizer Blo Select Oxidizer

electio Select Products b
v |CO2 H20 v N2 v |02

s v i v
+ [co ¥ ||Methane({CH4) ¥ |H2

o - o

4. Thus, we see that:
Fuel contains: 87.97% of Carbon by mass, and 12.03% by mass of H2 .... Ans.

AF ratio used = 11.414 , by mass.... Ans.
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Prob. 8.4.8 Liquid Octane (C,H ,) at 25 C is burnt with 400 % theoretical air at 101 kPa, 25 C in a steady

flow process. Determine the adiabatic flame temp.
(b) Plot adiabatic flame temp vs percent excess air.

TEST Solution:

Following are the steps:

1. Select the Open, Steady combustion daemon, choose non-premixed (i.e. fuel and oxidizer
come in separate streams) Ideal Gas (IG) model. Choose Mole radio button. Select Octane
(L) for fuel, and select A as 4 (fraction) i.e. 400%. Air is chosen as oxidizer, by default. Select

‘Excess/Deficient Air’ from Action widget, and click on ‘Perform Action’ We get:

[Non-Premixed Open-Steady Combustion TESTcalc: n-IG Model |

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific - Combustion/ChemEqulibrium - undefined - n-IG Model

Error: This

81  English " Mass « Mole [¥ Help Messages On Super-Calculate Super-nitialize |
Reaction Panel State Panel Device Panel 0 Panel
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2. Now, go to States panel. For State 1, Fuel is chosen by default. Fill in P and T as 101 kPa and

25 C respectively. Click on Calculate. Immediately, State 1 is calculated:

Move mouse over a variable to display its value with more precision.

@ 81 ¢ English {" Mass 2 ¥ Help Messages On M m Super-Initialize
- I { catcuatc § INerlois v e |

J vl J ut J ht
S ) G 7 ¥

= _| ot _J | - = =
[3.15754 kg K ~|[32129532 klikg _ _ |218&2542 klikg -

_J it mdot? __] Voldot J At M1

State Panel I Dev

[-2188.11 [kirkg v [ v|[eo [mrare ~| oo [me2 v | [11a239 [kgtmot  »
c pl Model 1
[1_.1'1127 kkg K v _ UnitLess v
——————£& Note on State Evaluation————— A Fuel C: it {Hm}—
| : : _ : : £ | Octane(L): 114.23100000000007 kg;
‘Set up the reaction in the reaction panel before evaluating states of the reactants and products in this panel.
—————Mass Fractions, x———
The mass and compositions of fuel, oxidizer and products are deduced from the reaction. If you nesd to Octane(L): x=1.0
change the mass flow rate, go back to the reaction pansl and muttiply (from the action menu) the reaction by a suitable
scaling factor. —_Moale Fractions, y
Octane(L): y=1.0
In evaluating a state, select the state number first and then the type of the mixture - Fuel, Oxidizer, or Products v

www.studyat.tudelft.nl

www.ocw.tudelft.nl !
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3. State 2: this is for Oxidizer. Again, fill in P and T as shown, and press Enter or click on

Calculate. Now, State 2 is calculated:

Move mouse over a variable to display its value with more precision.

* 81 © English  Mass & Mole ¥ Help Messages On Super-Calculate

| State Panel Device Panel

Reaction Panel

@Stat&z _)t'_ <--Select Together— [.alculate

4. State 3 is for Products. Here temp is the unknown. Fill in the known value of P as shown,

press Enter. We get:

Move mouse over a variable to display its value with more precision.

81 { English " Mass  Mole [ Help Messages On Super-Calculate Super-Initialize

Reaction Panel | State Panel Device Panel 1D Panel

Of course, State 3 is not completely calculated since data is not enough. We will revisit this State after

completing the Device panel.
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5. Now, go to Device panel. Fill in State 1 and State 2 for i10-state and i2-state, and State 3 for
e-state. Also, enter Wdot_ext = 0 and Qdot = 0. Click on ‘Calculate’:

Move mouse over a variable to display its value with more precision

@ 81 ¢ English ss @ Mo  Help Messages On M Super-nitialize

State Panel ‘ Device Panel

i4-State: !-51319—1 V_.
7| oot | ot ext
[

(i =

Jdot_net Sdot_net

Calculate |

LU state-3 v

| sdot gen

oo C |

Steady Mixing Reacting Device - A
Mass, Energy, and Entropy Equations:
0= (”711+’7712 )_me
0= (g fo + 1t din)= 1, J, +Q ~ Wy

7,

w1

| | Kb

State-Null: |

It indicates that
a port is closed. |

‘ WinHip: |

Work in negative

0 =[5 + s _ms+g+£§' i
( 1731 2 =2) CET T e Heat in positive |

Snm

“I studied
English for 16 P
L]

years but... »
...I finally _»
learned to '
speak it in jus
Six lessons”

Jane, Chinese architect

OUT THERE

Click to hear me talking

before and after my

" unique course download

— p— ‘I J‘l " '
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6. Now, go back to State 3. Observe that j3 is posted (with a grey background) there:

Vel =0.0 mis [Velocity]

% 81 ¢ English  Mass @ Mole [¥ Help Messages On Super-Calculate Super-Initialize

Reaction Panel | State Panel Device Panel | 1i0 Panel

7. Now, click on ‘Calculate] and, immediately calculations of State 3 are completed as

shown below:

Move mouse over a variable to display its value with more precision.

% Mole [+ Help Messages On Super-Calculate m Super-Initialize

Reaction Panel | State Panel | Device Panel | 0 Panel |

" Mass

* 8l

" English

@S‘tate—3 .v._ <-Select Together—» Calculate No-Plots | w|

LI o3 J T3 J v3 J u3 J h3
_*“’*a "___"*‘3*"g v [ v (SRS ]

n J L| Vel3 _| 23 J e3
J
long ] - | [OOSR v __ __

M mdot3 J Voldot3
Model3

We observe from the above that T3 = 959.5 K = Adiabatic Flame temp .... Ans.
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8. Now that the State 3 is completely known, go back to Device panel, and click on Calculate.

Immediately, Second Law analysis is completed, and we get:

Move mouse over a variable to display its value with more precision.

Reactive Systems

Mass, Energy, and Entropy Equations:
0= {71y + 7y )~ 74,
0= (mn.f}l *mszfiz)’ mj, e W,

L

nat

¢ §1  English - o ¥ Help Messages On Super-Calculate Load Super-initialize
Pane | Device Panel | /3 Panel
[ nvaie | <[oewcernza v Calculate
o state 1 (v ; Statez v State3 v
¥ |  Qdot Y| Wdot ext “| 8 J Sdot_gen
[ sy 0 @ N e e
Jdot_net Sdot_net
-0.00763 1o v | |o606.593 [k v
Steady Mixing Reacting Device - A s
State-Null:

It indicates that
a port is closed

‘ WinHip:
Work in negative

0=m,3 +M.5, | -3 +g+f§'
M ” gn Heat in positive

5

‘nat

We observe that: entropy generated in the reaction = Sdot_net=9606.593 kW/K, and the Irreversibility

(‘or, exergy loss) can be calculated as T * Sdot_gen, kW where T is the surroundings temp in K.
9. To plot Adiabatic Flame temp vs Excess air is now very easy:

i. Go to Reaction panel, change A to 3.5 (i.e. 350% theor. Air or 250% excess air), Select
‘Excess/Deficient Air’ from Action widget, and click on ‘Perform Action’ And, click on
SuperCalculate. Immediately, all calculations are updated. Go to State 3, and read T3, the
adiabatic Flame temp.

ii. Repeat this procedure for desired values of A, and tabulate the results as shown below:

Adiabatic flame temp vs excess air:

% Theoretical air, % Excess air Adiab. Flame temp (K)
A

400 300 959.5

350 250 1043.63
300 200 1152.54
250 150 1299.25
200 100 1507.97
150 50 1829.43
100 Stoichio. 2396.17
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Now, plot the results in EXCEL:

Adiab. Flame temp vs Percent excess air

3000 +
2500 4
2000 -+
1500 -

1000 -

Adib. Fame temp (K)

300 -

I:l T T T T T T 1
a 50 100 150 200 250 300 350

Percent excess air
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10. To see the TEST code etc. go to I/O panel:

fommm v OUTPUT OF SUPER-CALCULATE :
# TESTcalc Path: ..Open>Steady>Specific>UnMixedCombustion>IG-Mixture; v-10.ce02
o Start of TEST-Codes - - - - - -

States {

State-1: Fuel;

Given: { pl= 101.0 kPa; T1= 25.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl= 114.231
kg/s; Modell= 1.0 UnitLess; }

State-2: Oxidizer;

Given: { p2= 101.0 kPa; T2= 25.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m; mdot2= 6897.6196
kg/s; Model2= 2.0 UnitLess; }

State-3: Products;

Given: { p3=101.0 kPa; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= 6980.9272 kg/s; Model3= 3.0

UnitLess; }
}
Analysis {
Device-A: i-State = State-1, State-2; e-State = State-3; Mixing: true;
Given: { Qdot= 0.0 kW; Wdot_ext= 0.0 kW; T_B= 298.15 K; }
}
- End of TEST-Code: Reaction Block Starts ~——-———-——————————————-
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# Reaction (Note: To reproduce the TEST solution from the TEST-codes, this reaction has to be manually
set up after the loading the TEST-codes.):

# (1.0 kmol) Octane(L) + (238.09525 kmol) Air = (8.0 kmol) CO2 + (9.0 kmol) H20 + (188.09525
kmol) N2 + (37.500004 kmol) O2

R End of Reaction Block — -— -— -— -— —

#oeee*DETAILED OUTPUT:

# Evaluated States:
State-1: Fuel > IG-Mixture;
Given: p1= 101.0 kPa; T1= 25.0 deg-C; Vell= 0.0 m/s;
z1= 0.0 m; mdotl= 114.231 kg/s; Modell= 1.0 UnitLess;
Calculated: vl=0.00142 m~3/kg; ul=-2188.2542 k]J/kg; h1=-2188.11 kJ/kg;
s1= 3.15754 kJ/kg K; gl= -3129.532 kJ/kg; el= -2188.2542 k]/kg;
jl=-2188.11 kJ/kg; Voldotl= 0.0 m”3/s; Al= 0.0 m/2;
MMI1= 114.231 kg/kmol; c_pl= 1.71127 kJ/kg.K;
State-2: Oxidizer > IG-Mixture;
Given: p2= 101.0 kPa; T2= 25.0 deg-C; Vel2= 0.0 m/s;
z2= 0.0 m; mdot2= 6897.6196 kg/s; Model2= 2.0 UnitLess;
Calculated: v2= 0.84718 m~3/kg; u2= -85.54667 kJ/kg; h2= 0.01836 kJ/kg;
s2= 6.88333 kJ/kg.K; g2= -2052.2454 kJ/kg; e2= -85.54667 kJ/kg;
j2=0.01836 kJ/kg; Voldot2= 5843.5156 m~3/s; A2= 5.8435155E8 m~2;
MM2= 28.97 kg/kmol; c_p2=1.00416 k]J/kg.K;
State-3: Products > IG-Mixture;
Given: p3= 101.0 kPa; Vel3= 0.0 m/s; z3= 0.0 m;
mdot3= 6980.9272 kg/s; Model3= 3.0 UnitLess;
Calculated: T3= 959.5006 K; v3= 2.74475 m~3/kg; u3= -313.00653 kJ/kg;
h3= -35.78656 k]/kg; s3= 8.22897 k]/kg.K; g3= -7931.4893 k]/kg;
e3=-313.00653 kJ/kg; j3= -35.78656 kJ/kg; Voldot3= 19160.914 m~3/s;
A3=1.91609126E9 m"2; MM3= 28.77603 kg/kmol; c_p3= 1.16986 kJ/kg.K;
Mass, Energy, and Entropy Analysis Results:
Device-A: i-State = State-1, State-2; e-State = State-3; Mixing: true;
Given: Qdot= 0.0 kW; Wdot_ext= 0.0 kW; T_B= 298.15 K;
Calculated: Sdot_gen= 9606.593 kW/K; Jdot_net= -0.0076252595 kW; Sdot_net=
-9606.593 kW/K;

H O B H OH OB OB OH OB OH O OH W OB OH O H OB W OH OB OH OH OH OB W
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Prob. 8.4.9 Liquid propane (C3H8) enters a steady flow combustion chamber at 25 C and 1 atm at a rate
of 0.4 kg/min where it is mixed anf burned with 150% excess air that enters the combustion chamber
at 12 C. If the combustion products leave at 1200 K and 1 atm, determine: (i) mass flow rate of air,
(ii) rate of heat transfer from the combustion chamber, and (iii) the rate of entropy generation during

this process. Assume T0 = 25 C.

(b) Plot the rate of exergy destruction for the surrounding temp varying from 0 to 38 C. [Ref: 1]
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Reactive Systems
TEST Solution:

Following are the steps:

1. Select the Open, Steady combustion daemon, choose non-premixed (i.e. fuel and oxidizer
come in separate streams) Ideal Gas (IG) model. Choose Mole radio button. Select Propane
(L) for fuel, and select A as 250% i.e. 150% excess air. Air is chosen as oxidizer, by default.

Select ‘Excess/Deficient Air’ from Action widget, and click on ‘Perform Action. We get:

[Non—Premixed Open-5teady Combustion TESTcalc: n-IG Mode.l‘]

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific - Combustion/ChemEgulibrium - undefined - n-IG Model

Error: This es has been already chosen

# 81  English © Mass & Mole [¥ Help Messages On Super-Calculate m Super-Initialize

Reaction Panel State Panel

Device Panel 10 Panel

+ [|A (% Theor. Air} EI {Eqv. Ratio) o Scalmg Factor
ExcessiDeficient Air (set by lambda) b I Perform Action
] _ e _ "'3‘*‘0" No Unit

[selectFuelis) ]| Oxidizer Biock (try defauity: SelectOxidizer v
Propanei(L) | | |

] kmol kmol

Products Block (try default selections first).

Select Products

4'-4'-4'-

Therefore: Flow rate of air for a flow rate of 0.4 kg/min of fuel:

—59'3238'29-0_4 = 15657 kg/min air for 0.4 kg/min of fuel ...Ans.

2. Go to State 1, i.e. Fuel: enter p1 = 1 atm, T1 = 25 C, hit Enter. We get:

Move mouse over a variable to displa) e with more precision.
# 81 € English Mass  Mole ¥ Help Messages On Super-Calculate m SuperInitialize
Reaction Panel | State Panel | Device Panel | 110 Panel |

Note that mdotl = 44.1 kg/s is automatically selected, since 1 kmol of fuel was entered in the Reaction
panel.

266

Download free eBooks at bookboon.com



Applied Thermodynamics: Software Solutions:
Part-1V (Psychrometrics, Reactive systems) Reactive Systems

3. State 2: Enter p2, T2 for oxidizer. Hit Enter. We get:

Move mouse over a variable to display its value with more precision

 Mole ¥ Help Messages On Super-Calculate m

Reaction Panel | State Panel | Device Panel |

% 51 ¢ English  Mass

g2 LI Vel2 LI z2 J e?
[ T CUEm| WD B sarTae
J j2 mdot2 J Voldot2 J A2 M2
R o v [ [ e | s | S ]
c_p2 Modei2

4. State 3, for Products. Again, enter p3, T3 and hit Enter. We get:

Move mouse over a variable to display its value with more precision.

& 81 English  Mass  Mole ¥ Help Messages On Super-Calculate m Super-Initialize

Reaction Panel | State Panel | Device Panel | U0 Panel |

oState3 v > [EECCES EVETEAN products v

LI p3 LI T3 J v3 J ul _| h3
[ RS [T e CETI] i  (EORS < (TR

| s m 7| vess 7| 2 &3

n mdot3 | voldots n 13

C el o] Ty
c p3 IModel3

5. Now, go to Device panel. Enter State 1, State 2 and State 3 for il-state, i2-state and e-state.
Also enter Wdot_ext = 0. Hit Enter. Click on SuperCalculate. We get:

Sdot_gen = 37:

KWK [Entropy generation rate inside the boundary]

& 81 English C Mass & Mole [¥ Help Messages On Super-Calculate Super-Initialize
Reaction Fanel State Panel | Device Panel | 113 Panel
3 < [omiesriizs 5|

L D State-1 v PR State 2 v RG] State-3 (v

Steady Mixing Reacting Device - A

State-Null:
It indicates that
a port is closed.

Mass, Energy, and Entropy Equations:
0:(”%1'*'”7:2 )_me
W= (malfal +m!2;12)— m,J, +Q =W,

i WinHip:
amt Q - £ -
Q= (M3, + 8, | -8 +—+ 5 Work in negative
M 5 = Heat in positive
'S‘mn
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Therefore, Heat Transfer, Q = -184983.36 K]J/s for 1 kmol/s of fuel

And, Heat Transfer for 0.4 kg/min of fuel:

—184988.36 — —4.105 % 1:I:\- k._l..FIEf kg of propane
441

—4195-04 = -1678 x 1[|3 kJ for 0.4 kg/min of propane .... Ans..

Entropy generation: Sdot_gen = 3734.5896 KkJ for 44.1 kg of fuel

Then, entropy gen. for 0.4 kg/min of fuel:

3734.50
41

04=33874 kJimin.K for 0.4 kg/min of propane.... Ans.

And, Irreversibility (or, loss of exergy) =T * S

gen *

208.15-33874 =101 = IEI_. kJ/min.... Ans.

6. 1/0 panel gives the TEST code etc:

e e e OUTPUT OF SUPER-CALCULATE

# TESTcalc Path: ..Open>Steady>Specific>UnMixedCombustion>IG-Mixture; v-10.ce02

o Start of TEST-Codes - - - - - -

States {

State-1: Fuel;

Given: { pl= 1.0 atm; T1= 25.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl= 44.1 kg/s;
Modell= 1.0 UnitLess; }
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State-2: Oxidizer;

Given: { p2= 1.0 atm; T2= 12.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m; mdot2= 1724.4048
kg/s; Model2= 2.0 UnitLess; }

State-3: Products;

Given: { p3= 1.0 atm; T3= 1200.0 K; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= 1760.7767 kg/s;
Model3= 3.0 UnitLess; }

Analysis {
Device-A: i-State = State-1, State-2; e-State = State-3; Mixing: true;

Given: { Wdot_ext= 0.0 kW; T_B=298.15 K; }

o - End of TEST-Code: Reaction Block Starts — - —————— -

EXPERIENCE THE POW
FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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# Reaction (Note: To reproduce the TEST solution from the TEST-codes, this reaction has to be manually
set up after the loading the TEST-codes.):

# (1.0 kmol) Propane(L) + (59.52381 kmol) Air = (3.0 kmol) CO2 + (4.0 kmol) H20 + (47.02381 kmol)
N2 + (7.5 kmol) O2

R End of Reaction Block — -— -— -— -— —

#oeee*DETAILED OUTPUT: #

# Evaluated States:
State-1: Fuel > IG-Mixture;

Given: pl= 1.0 atm; T1= 25.0 deg-C; Vell= 0.0 m/s;
z1= 0.0 m; mdotl= 44.1 kg/s; Modell= 1.0 UnitLess;

Calculated: vl= 0.002 mA3/kg; ul=-2782.9692 kJ/kg; h1= -2782.7666 k]/kg;
s1=4.29291 kJ/kg K; gl= -4062.6968 kJ/kg; el= -2782.969 k]/kg;
jl=-2782.7666 k]/kg; Voldotl= 0.0 m~3/s; Al= 0.0 m~2;

MM1= 44.1 kg/kmol; c_p1= 2.77007 kJ/kg.K;
State-2: Oxidizer > IG-Mixture;

Given: p2= 1.0 atm; T2= 12.0 deg-C; Vel2= 0.0 m/s;
z2= 0.0 m; mdot2= 1724.4048 kg/s; Model2= 2.0 UnitLess;

Calculated: v2= 0.80764 m/3/kg; u2= -94.86336 kJ/kg; h2=-13.02914 kJ/kg;
s2= 6.83816 kJ/kg.K; g2= -1962.9299 kJ/kg; e2= -94.86336 kJ/kg;
j2=-13.02914 kJ/kg; Voldot2= 1392.6998 m~"3/s; A2= 1.39269984E8 m~2;
MM2= 28.97 kg/kmol; c_p2=1.00348 kJ/kg.K;

State-3: Products > IG-Mixture;

Given: p3= 1.0 atm; T3= 1200.0 K; Vel3= 0.0 m/s;
z3= 0.0 m; mdot3= 1760.7767 kg/s; Model3= 3.0 UnitLess;

Calculated: v3= 3.44044 m/3/kg; u3= -536.1194 kJ/kg; h3= -187.51718 kJ/kg;
s3= 8.57304 kJ/kg K; g3= -10475.163 kJ/kg; e3= -536.1194 k] /kg;
j3=-187.51718 kJ/kg; Voldot3= 6057.8413 m~3/s; A3= 6.0578413E8 mA2;
MM3= 28.61943 kg/kmol; c_p3=1.23771 kJ/kg.K;

Mass, Energy, and Entropy Analysis Results:
Device-A: i-State = State-1, State-2; e-State = State-3; Mixing: true;

Given: Wdot_ext= 0.0 kW; T _B=298.15 K;

Calculated: Qdot= -184988.36 kW; Sdot_gen= 3734.5896 kW/K; Jdot_net= 184988.36

kW; Sdot_net= -3114.1357 kW/K;
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(b) Plot the rate of exergy destruction for the surrounding temp varying from 0 to 38 C:

Procedure is quite simple:

In the Analysis panel, change the T_B to desired value, hit Enter, and click on SuperCalculate.

Tabulate Sdot_gen against T_B. Complete the Table as shown below, remembering that Exergy destroyed
= Irreversibility = T_B * Sdot_gen.

T_B (K) Sdot_gen (kW/K) Sdot_gen. for 0.4 kg/min of | Exergy destroyed =
fuel = Col. 2% 0.4/ 441 TO * Sdot_gen =
(kJ/min.K) Col. 1 * Col. 3 (kJ/min)
273.15 3791.38 34.389 9393.337
278.15 3779.2 34.278 9534.553
283.15 3767.46 34.172 9675.794
288.15 3756.12 34.069 9817.016
293.15 374517 33.970 9958.246
298.15 3734.59 33.874 10099.483
303.15 371445 33.691 10213.474
311.15 3708.67 33.639 10466.691
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Now, plot the Results:

Exergy destruction vs Surr. Temp.

10600
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Exergy destrioyed (kfmin)

9300
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Surr. Temp, T_B (K]

Prob. 8.4.10 A gasoline engine consumes 0.011 kg/s of Liquid Octane (C8H18) at 1 atm, 25 C, and
delivers 150 kW. It uses 150% theoretical air, entering at 1 atm, 45 C. Products of combustion leave the

engine at 750 K. Find out the heat transfer.
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TEST Solution:

Following are the steps:

1. Select the Open, Steady combustion daemon, choose non-premixed (i.e. fuel and oxidizer
come in separate streams) Ideal Gas (IG) model. Choose Mass radio button. Select
Octane(L) for fuel, and select \ as 150%. Air is chosen as oxidizer, by default. Select ‘Excess/

Deficient Air’ from Action widget, and click on ‘Perform Action’ We get:

| Non-Premixed Open-Steady Combustion TESTcalc: n-IG Model |

thermofluids.net - TESTcalcs (Java Applets) - Systems - Open - Steady State - Specific - Combustion/ChemEgqulibrium - undefined - n-IG Model

as been already chosen.

811" English  Mass " Mole ™ Help Messages On Super-Calculate Supernitialize

Reaction Panel State Panel Device Panel 10 Panel

¥ ||Octane(L)

2. To convert on basis of 0.011 kg/s of fuel: Select the scaling factor as 0.011 and from the
Action widget, select ‘Multiply by the Scaling factor’ and click on ‘Perform Action. We get:

Error: This 5 been already chosen.

@ 81 English ® Mass C Mole [¥ Help Messages On Super-Calculate Super-Inifialize

Reaction Panel State Panel Device Panel 110 Panel

¥ |IA (% Theor. Air) O (Eqv. Ratio) + ||Scaling Factor
Multiply by the Scaling Factor b I Perform Action |
- - v BT rscton v
3 ‘Se\ectFueI(s) i il Block {try defauit): Select Oxidizer v

Products Block (try default selections first):
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3. Now, go to States panel. Here, mass flow rates are chosen automatically, with reference to

the Reaction panel. So, flow rate of fuel is 0.011 kg/s. For State 1 (i.e. fuel), enter p1, T1 as
shown and hit Enter. We get:

Move mouse over a variable to display its value with more precision

@ SIC English & Mass ™ ¥ Help Messages On Super-Calculate | m Super-nitialize |
Reaction Panel 1 State Panel De anel 0 Panel |
I = 7 = . P
| <|©State-1 (v > r’_;’*?{ S |Fue| v | J Initialize ]

J vl J uf _I k1
_}:atm v —i_deg-c ~| [obo1ez [maikg v|[21882545 [ | f21sea (kg ~
e o e
EEEN o (GRS | - - -[EeEe e v
J i1 mdot1 J Voldot1 _] Al M1
218811 | ilikg | _ kais v|[o0 [meaie ~/[oo [z v | [irazas | kgtcmol v
c_pi Modelt

T ) O i)

— A Note on State Evaluation———

A | |——————Fuel Composition (Mass)—————
| |Octane(L): 0.011 ko;
Set up the reaction in the reaction panel before evaluating states of the reactants and p in this panel. §
i i i -———Mass Fractions, x-
The mass and compositions of fuel, oxidizer and products are deduced from the reaction. If you need to Octane(L): x=1.0
change the mass flow rate, go back to the reaction panel and muttiply (from the action menu) the reaction by a suitable
scaling factor. ——-—NMole Fractions, y———
) Octane(L): y=10
In evaluating a state, select the state number first and then the type of the mixture - Fuel, Oxidizer, or Products ] :

and you're ready
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4. Similarly, for State 2, (i.e. Oxidizer) enter p2, T2 and hit Enter. We get:

& §1 T English & Mass " Mole ¥ Help Messages On Super-Calculate

Reaction Panel State Panel Device Panel

5. And, for State 3: enter p3, T3 and hit Enter. We get:

alue with more p

@ 811" English # Mass © Mole ¥ Help Messages On

Reaction Panel | State Panel | Device Panel |

Products Calculate
3 4] | _| s =
[ T R ST TR o

| s3 n | ves K =
TR TR D
n mdot3 | vouots | a3

RIS
oz R RN CEO - e O
c p3 Model3
s e~ O
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6. Now, go to Device panel. Enter State 1, State 2 and State 3 for il-state, i2-state and e-state

respectively. Also, enter for Wdot_ext = 150 kW. Hit Enter. Also, click on SuperCalculate.

We get:

Wdot_ext = 150.0 kW [External work transfer rate]

Mass, Energy, and Entropy Equations:
01(??’1,1-&-1’}212)—?&9
0= (malfsl +m=‘2f{2)_ o, + 8-,

It indicates that
a portis closed. |

['WinHip:

& 8l € English & 55( [¥ Help Messages On M M
teaction Panel ate Pane Device Panel | 143 Panel |
i <[peveeanzy v - E——
._ mi : |%2_v[ State: lm::
4] Qdot i] Wdot ext ] J Sdot_gen
faraseess [ VN EE < - se ]
Jdot_net Sdot_net
363 36856 [k ~|[031377 [ v
Steady Mixing Reacting Device - A =
State-Null:

]mn

: . : Qo
0= [malsal + M ] —HL, +T_+ -
& B

Work in negative
Heat in positive |

‘S‘M

Thus, heat transfer, Qdot = -213.37 kW for a fuel flow rate of 0.011 kg/s (-ve sign indicates heat
flowing out of system).... Ans.

7. 1/0O panel gives the TEST code etc:

Frommmmmm s e OUTPUT OF SUPER-CALCULATE:
# TESTcalc Path: ..Open>Steady>Specific>UnMixedCombustion>1G-Mixture; v-10.ce02

#o+TEST-CODES:

o Start of TEST-Codes - - - - - -

States {
State-1: Fuel;

Given: { pl= 1.0 atm; T1= 25.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; mdotl= 0.011 kg/s;
Modell= 1.0 UnitLess; }

State-2: Oxidizer;

Given: { p2= 1.0 atm; T2= 45.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m; mdot2= 0.24908 kg/s;
Model2= 2.0 UnitLess; }
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State-3: Products;

Given: { p3= 1.0 atm; T3= 750.0 K; Vel3= 0.0 m/s; z3= 0.0 m; mdot3= 0.25897 kg/s;
Model3= 3.0 UnitLess; }

Analysis {
Device-A: i-State = State-1, State-2; e-State = State-3; Mixing: true;

Given: { Wdot_ext= 150.0 kW; T_B= 298.15 K; }

o End of TEST-Code: Reaction Block Starts — - -
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u Commercial and Business
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# Reaction (Note: To reproduce the TEST solution from the TEST-codes, this reaction has to be manually
set up after the loading the TEST-codes.):

# (0.011 kg) Octane(L) + (0.2490802 kg) Air = (0.03390393 kg) CO2 + (0.015617302 kg) H20 +
(0.1901848 kg) N2 + (0.019259222 kg) 02

o End of Reaction Block - -— -— -— -— —_—

#eoee*DETAILED OUTPUT:

# Evaluated States:
State-1: Fuel > IG-Mixture;

Given: pl= 1.0 atm; T1= 25.0 deg-C; Vell= 0.0 m/s;
z1= 0.0 m; mdotl= 0.011 kg/s; Modell= 1.0 UnitLess;

Calculated: vl= 0.00142 m~3/kg; ul=-2188.2542 kJ/kg; h1=-2188.11 kJ/kg;
s1= 3.15754 kJ/kg.K; gl= -3129.532 kJ/kg; el= -2188.2542 kJ/kg;
jl=-2188.11 kJ/kg; Voldotl= 0.0 m~3/s; Al= 0.0 m"2;

MM1= 114.231 kg/kmol; c_pl= 1.71127 kJ/kg.K;
State-2: Oxidizer > IG-Mixture;

Given: p2= 1.0 atm; T2= 45.0 deg-C; Vel2= 0.0 m/s;
z2= 0.0 m; mdot2= 0.24908 kg/s; Model2= 2.0 UnitLess;

Calculated: v2= 0.90111 m/3/kg; u2= -71.18205 kJ/kg; h2= 20.12271 kJ/kg;
s2= 6.94773 kJ/kg K; g2= -2190.2974 k]/kg; e2= -71.18205 kJ/kg;
j2=20.12271 kJ/kg; Voldot2= 0.22445 mA3/s; A2= 22444.816 m/2;
MM2= 28.97 kg/kmol; c_p2= 1.00652 k]/kg.K;

State-3: Products > IG-Mixture;

Given: p3= 1.0 atm; T3= 750.0 K; Vel3= 0.0 m/s;
z3= 0.0 m; mdot3= 0.25897 kg/s; Model3= 3.0 UnitLess;

Calculated: v3= 2.14614 m~3/kg; u3= -1694.2028 kJ/kg; h3= -1476.7448 k]/kg;
s3= 8.02829 kJ/kg.K; g3= -7497.963 kJ/kg; e3= -1694.2026 kJ/kg;
j3=-1476.7448 k]/kg; Voldot3= 0.55578 m~3/s; A3= 55577.64 m~2;
MM3= 28.67452 kg/kmol; c_p3=1.17584 kJ/kg.K;

Mass, Energy, and Entropy Analysis Results:
Device-A: i-State = State-1, State-2; e-State = State-3; Mixing: true;

Given: Wdot_ext= 150.0 kW; T_B=298.15 K;

Calculated: Qdot=-213.36855 kW; Sdot_gen= 1.0294154 kW/K; Jdot_net= 363.36856

kW; Sdot_net= -0.31377375 kW/K;

H OB H O H B OH O OH OB OB OH O H O OH O OH OH OB OH O H OH O OH OB OB OH

Download free eBooks at bookboon.com



Applied Thermodynamics: Software Solutions:
Part-IV (Psychrometrics, Reactive systems)

Prob. 8.4.11 One kmol of Methane (CH4) gas undergoes complete combustion with stoichiometric
amount of air in a rigid container. Initially, the air and methane are at 100 kPa and 25 C. The products

of combustion are at 567 C. How much heat is rejected from the container, in kJ/kmol fuel? Also, find

the exergy lost and the final pressure.

(b) Plot final pressure, heat rejected and exergy lost as the final temp varies from 300 C to 650 C.[Ref: 1]

TEST Solution:

Following are the steps:

1. Select the Closed system, Combustion daemon, since the reaction occurs in a closed vessel,

as shown below:

Reactive Systems

| TESTcalc Map: A Clickable Map of Java Based Thermodynamic Calculators |

thermofluids.net -

TESTcales (Java Applets)

TESTcales

Basic Tools

System Analysis

States

!—‘;I [

e Open System States |

| Flow States |

Unsteady Closed Processes

Open Steady Systems

Stead Cycl es‘

E— |
Open Processes]

Specific Generic Genenc SpeC|f|c
: ! w, l gl I . —
| Uniform Systems‘ | Non-Uniform Non-l’u‘lixing‘ I Non-Uniform Semi-Mixing J | Non-Uniform Mixing
' | . ] : i :
| Reciprocating Cycles ‘ [ _/l lCombustion and Chemical Equilibrium J
_\Ps‘,fchrametr‘,' )
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2. Select Pre-mixed, Ideal Gas (IG) for Material selection:

Click an icon fo launch a closed-process combustion or equilibrium TESTcalc.

Closed-Process Combustion TESTealcs

Neon-Premixed Combustion Premixed Combustion
P— e nt
¢, = const. pv=RT
e ° ® " = @
PG Mixture Model 1G Mixture Model|
Navigation SL Model SL Model
Map
Known Overall Reaction Chemical Equilibrium Analysis
T
test " g wt A=F-
b = RE CeaD+E
PG Mixture Model 15 Mixture Model \GE Mixture Model I1GE Mixture Model
SL Model 5L Maodel with Web Service

Could you think of 101IAEWI
to'dowith'eggs and o
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wquld like to be at _the f(_)refront of scientific innovations and develogme_nts? Then you \{wll CO u Id |t be ‘gjﬁ(‘g )
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please visit www.unilever.com/rdjobs. Unillover-

S w EZ
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3. Clicking on IG mixture model gives the following window, where we have to choose the

reactants, i.e. Methane and Air, in the present case:

[Ciosed—Process Premixed Combustion TESTcalc: n-IG Mixture Model

thermofluids.net - TESTcalcs (Java Applets) - Systems - Closed - Process - Specific - Combustion/ChemEqulibrium - Premixed - n-IG Model
Reactants Block: Select reactant{s) and specify amount(s) if known.

sl English © Mass © Mole ¥ Help Messages On
Reaction Panel State Panel

Select an Action After Choosing Reactant(s) g{, I Perform Action

Reactants Block (for some actions, only fuel needs to be selected):

4. After choosing Methane and Air, choose “Theoretical reaction with Air’ from the Action

widget, and click on ‘Perform Action. We get:

Reaction Parameters: Lamda is the fraction of theoretical air used ( = percent th. air/100), ng Factor can be used to multiply the reaction

% §1 ¢ English " Mass ¥ Mole |¥ Help Messages On

Reaction Panel State Panel

Select an Action After Choosing Reactant(s)

Reactants Block (for some actions, Oﬂ!ﬂl!l needs to be selected). Select Reactants

o : Eﬁ
Products Block (for some actions, products are auto-seleted): Select Products
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5. Now, go to State panel. For State 1, enter pl = 100 kPa, T1 = 25 C, as shown and hit Enter.
We get:

Move mouse over a variable to display its value with more precision.

% 51 English  Mass  Mole ¥ Help Messages On Super-Calculate M Super-Initialize

Reaction Panel | State Panel Process Panel | 10 Panel

ﬂ pt ﬂ T J w1 J uf J h1

J_— g~/ ] J_— _— —m

Model1

i

=
[

il

# 51 " English " Mass  Mole ¥ Help Messages On Super-Calculate

Reaction Panel | State Panel Process Panel

Note that p2 is 281.79 kPa ... Ans.
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7. Now, go to Process panel. Fill in State 1 for bA-state, Null-state for bB-state, and State 2 for
f-state. Also, W_ext = 0. Hit Enter. Click on SuperCalculate. We get:

W_ext2 =0.0 kJ [External work]

& sl English  Mass  Mole ¥ Help Messages On Super Calculate m Super-Initialize
Reaction Panel | State Panel | Process Panel | iQ Panel
<[Processapr2l v » | Caiculate

bA-State:  ESkil] - bBE-States  EE1 GRS

Uniform Closed Process - A
Mass: m, =m, =m
Energy: m(ef _eb):Q_(WH+WO )
rE W =
Entropy: m(sf =Sy )= Tg+ Sgen Ry ¥
B B B W=0+Wy W=W,+W,;

Note that heat transfer , Q = -662146.94 K] ... Ans. (-ve sign indicates heat rejected from system).
And, Entropy generated = S_gen is also calculated, and exergy loss = T_B * S_gen.

360°
thinking.

Deloitte.

Discover the truth at www.deloitte.ca/careers © Deloitte & Touche LLP and affiiated entities.
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8. 1/0O panel gives the TEST code etc:

B o s o o o 0 OUTPUT OF SUPER-CALCULATE
# TESTcalc Path: ..Closed>Process>Specific>PreMixedCombustion>IG-Mixture; v-10.ce02
o Start of TEST-Codes - - — — — -

States {

State-1: Reactants;

Given: { pl= 100.0 kPa; T1= 25.0 deg-C; Vell= 0.0 m/s; z1= 0.0 m; m1= 291.94476 kg;
Modell= 1.0 UnitLess; }

State-2: Products;

Given: { T2= 567.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m; m2= 290.71667 kg; Vol2= “Vol1”
mA3; Model2= 3.0 UnitLess; }

Analysis {

Process-A: b-State = State-1; f-State = State-2;

Given: { W_ext= 0.0 kJ; T_B=298.15 K; }

# Reaction (Note: To reproduce the TEST solution from the TEST-codes, this reaction has to be manually
set up after the loading the TEST-codes.):

# (1.0 kmol) Methane(CH4) + (9.523809 kmol) Air = (1.0 kmol) CO2 + (2.0 kmol) H20 + (7.5238094
kmol) N2

o End of Reaction Block - -— -— -— -— —_—
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# Evaluated States:

# State-1: Reactants > IG-Mixture;

# Given: pl= 100.0 kPa; T1= 25.0 deg-C; Vell= 0.0 m/s;

# z1= 0.0 m; m1= 291.94476 kg; Modell= 1.0 UnitLess;

# Calculated: v1= 0.89355 mA3/kg; ul= -345.79453 kJ/kg; h1= -256.43988 kj/kg;
# s1= 7.24025 kJ/kg K; gl= -2415.1194 kJ/kg; el= -345.79453 k]/kg;
# jl=-256.43988 kJ/kg; Voll= 260.8662 m/3; MM1= 27.74136 kg/kmol;
# c_pl=1.07163 kJ/kg.K;

# State-2: Products > IG-Mixture;

# Given: T2= 567.0 deg-C; Vel2= 0.0 m/s; z2= 0.0 m;

# m2= 290.71667 kg; Vol2= “Vol1” m"3; Model2= 3.0 UnitLess;
# Calculated: p2= 281.78775 kPa; v2= 0.89732 m~3/kg; u2= -2624.8916 kJ/kg;

# h2= -2372.0378 kJ/kg; s2= 8.13791 kJ/kg.K; g2= -9209.101 kj/kg;

# e2= -2624.8918 kJ/kg; j2= -2372.0378 kJ/kg; MM2= 27.62466 kg/kmol;

# c_p2=1.27063 kJ/kg.K;

# Mass, Energy, and Entropy Analysis Results:

# Process-A: b-State = State-1; f-State = State-2;

# Given: W_ext= 0.0 kJ; T_B=298.15 K;

# Calculated: Q= -662146.94 kJ; S_gen= 2472.9243 k]J/K; Delta_E= -662146.94 kJ; Delta_
S=252.07263 kJ/K;

(b) Plot final pressure (p2), heat rejected and exergy lost vs final temp:
Procedure as follows:

Go to State panel, and in State 2, change the T2 to desired value, hit Enter, observe new value of

P2, and click on SuperCalculate. Then, go to Process panel, and note new values of Q and S_gen.
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Tabulate values of p2, Q, S_gen against T2. Complete the Table as shown below, remembering that Exergy
destroyed = T_B * Sdot_gen:

T B=298.15K
T2{C) Heat 5 gen Exergy loss = | p2 (kPa)
rejected, Q (kI/K) TB*S gen
() ()
300 734490.94 2612.190 778824.36
350 72140706 2590.225 772275.67
400 708099.44 2566.108 765085.10
450 694584.1 2540.169 757351.30
300 680855.6 2512.460 749090.07
550 666929.44 24583.224 740373.35
567 662146.94 2472924 737302.38
a00 B8652801.06 2452.484 731208.22
650 B38485.5 2420.428 721650.61

Now, plot the results in EXCEL:

Final pressurevs Final temp

310 -+
290 -
270+
250 -
230 -

210 -

Final pressure (kPa)

120 -

170 -

15':' T T T T T T 1
300 330 400 430 200 350 00 630

Final temp (deg. C)
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Heat rejected vs Final temp
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