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• Assignment 6 is due tonight

• Assignment 7 is posted
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• Total energy of a flowing fluid is:

𝜃 = 𝑃𝑣 + 𝑒 = 𝑃𝑣 + 𝑢 + 𝑘𝑒 + 𝑝𝑒 = 𝑢 + 𝑃𝑣 + 𝑘𝑒 + 𝑝𝑒
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• Steady-flow process:
q No intensive or extensive properties within the control volume 

change with time
q Boundary work is zero 
q Δ𝐸!" = 0
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• Steady-flow process:

!
!"

�̇� =!
#$%

�̇�
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• Steady-flow process:

�̇�!" − �̇�#$% =
𝑑𝐸&'&%()

𝑑𝑡 = 0 �̇�!" = �̇�#$%

�̇�!" + �̇�!" +!
!"

�̇�𝜃 = �̇�#$% + �̇�#$% +!
#$%

�̇�𝜃

�̇�!" + �̇�!" +!
!"

�̇�(ℎ +
𝑉*

2 + 𝑔𝑧) = �̇�#$% + �̇�#$% +!
#$%

�̇�(ℎ +
𝑉*

2 + 𝑔𝑧)
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• Nozzles and Diffusers

�̇� ≅ 0

�̇� = 0	(𝑚𝑜𝑠𝑡	𝑡𝑖𝑚𝑒𝑠)

Δ𝑝𝑒 ≅ 0

Δ𝑘𝑒 ≠ 0
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• Throttling valves
q Throttling valves are any kind of flow-restricting devices that 

cause a significant pressure drop in the fluid (e.g., valves, 
capillary tubes, porous plugs)

q Unlike turbines, they produce a pressure drop without 
involving any work 

q The pressure drop in the fluid is often 
accompanied by a large drop in 
temperature, and for that reason 
throttling devices are commonly used 
in refrigeration and air-conditioning 
applications
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• Throttling valves

Credit: Danfoss
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• Throttling valves
q They are usually small, the process can be adiabatic (𝑞 ≅ 0)
q No work is done	(𝑤 ≅ 0)
q Δ𝑝𝑒 ≅ 0
q Δ𝑘𝑒 ≅ 0

ℎ# ≅ ℎ$ (Isenthalpic device)

𝑢$ + 𝑃$𝑣$ = 𝑢# + 𝑃#𝑣#

𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙	𝑒𝑛𝑒𝑟𝑔𝑦 + 𝐹𝑙𝑜𝑤	𝑒𝑛𝑒𝑟𝑔𝑦 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡
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• Throttling valves
q In case of an ideal gas, ℎ = ℎ(𝑇), and thus the temperature 

has to remain constant during a throttling process:
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• Refrigerant-134a enters the capillary tube of a refrigerator as 
saturated liquid at 0.8 MPa and is throttled to a pressure of 
0.12 MPa. Determine the quality of the refrigerant at the final 
state and the temperature drop during this process 



Class Activity
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• Solution:

5𝑃+ = 0.8	𝑀𝑃𝑎	
𝑠𝑎𝑡. 𝑙𝑖𝑞𝑢𝑖𝑑 	 → 	

𝑇+ = 𝑇&,%	@	/.1	23,45+.5+	°7
ℎ+ = ℎ8	@	/.1	23,49:.;1	<=/<? (Table A-12)At inlet:
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• Solution:

At exit 5𝑃* = 0.12	𝑀𝑃𝑎	
ℎ+ = ℎ*

→	
ℎ8 = 22.47	𝑘𝐽/𝑘𝑔
ℎ? = 236.99	𝑘𝐽/𝑘𝑔 	 → 	 𝑇&,% = −22.32	°𝐶
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• Solution:

ℎ8 < ℎ* < ℎ?	

𝑥* =
ℎ* − ℎ8
ℎ8?

=
95.48 − 22.47
236.99 − 22.47 = 0.340
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• Mixing chambers
q In engineering applications, mixing two streams of fluids is 

not a rate occurrence
q They are usually well-insulated (𝑞 ≅ 0)
q Do not involve any kind of work (𝑤 ≅ 0)
q Kinetic and potential energies negligible (𝑘𝑒 ≅ 0	&	𝑝𝑒 ≅ 0)

Photo credit: Belimo
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• Consider an ordinary shower where hot water at 140 °F is 
mixed with cold water at 50 °F. If it is desired that a steady 
steam of warm water at 110 °F be supplied, determine the 
ratio of the mass flow rates of the hot to cold water. Assume 
the heat losses from the mixing chamber to be negligible and 
the mixing to take place at a pressure of 20 psia.
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• Solution (assumptions):
1. Steady-flow (Δ𝑚!" = 0 and ΔE%& = 0)
2. The kinetic and potential energy changes are zero (

)
Δke =

Δ𝑝𝑒 = 0
3. Heat losses from the system are negligible (�̇� ≅ 0)
4. There is no work interaction involved  
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• Solution:

�̇�!" − �̇�#$% =
𝑑𝑚&'&%()

𝑑𝑡 = 0

�̇�!" = �̇�#$% 	 → 	 �̇�+ + �̇�* = �̇�5

�̇�!" − �̇�#$% =
𝑑𝐸&'&%()

𝑑𝑡 = 0

�̇�+ℎ+ + �̇�*ℎ* = �̇�5ℎ5
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• Solution:

�̇�+ℎ+ + �̇�*ℎ* = (�̇�++�̇�*)ℎ5

(
�̇�+

�̇�*
)ℎ+ +

�̇�*

�̇�*
ℎ* = (

�̇�+

�̇�*
+ (

�̇�*

�̇�*
))ℎ5

𝑦ℎ+ + ℎ* = (𝑦 + 1)ℎ5

𝑦 =
�̇�+

�̇�*
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• Solution:
q The saturation temperature of water at 20 psia is 227.92 °F. 

Since the temperature of all three steams are below this value 
(T<Tsat), the water in all three streams exists as a compressed 
liquid
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• Solution:
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• Solution:

ℎ+ ≅ ℎ8	@	+;/	°@ = 107.99
𝐵𝑡𝑢
𝑙𝑏𝑚

ℎ* ≅ ℎ8	@	:/	°@ = 18.07
𝐵𝑡𝑢
𝑙𝑏𝑚

ℎ5 ≅ ℎ8	@	++/	°@ = 78.02
𝐵𝑡𝑢
𝑙𝑏𝑚
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• Solution:
q Solving for y and substituting yields:

𝑦 =
ℎ5 − ℎ*
ℎ+ − ℎ5

=
78.02 − 18.07
107.99 − 78.02 = 2.0

𝑦 =
�̇�+

�̇�*
= 2	 → 	 �̇�+ = 2×�̇�*
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• Heat Exchangers 
q Under stead operation, the mass flow rate of each fluid 

stream flowing through a heat exchanger remains constant 
q Do not involve any kind of work (𝑤 ≅ 0)
q Kinetic and potential energies negligible (𝑘𝑒 ≅ 0	&	𝑝𝑒 ≅ 0)
q �̇� depends! 
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• Heat Exchangers 
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• Refrigerant 134a is to be cooled by water in a condenser. 
The refrigerant enters the condenser with a mass flow rate of 
6 kg/min at 1 MPa and 70 °C (superheated) and leaves at 35 
°C (compressed liquid). The cooling water enters at 300 kPa 
and 15 °C and leaves at 25 °C. Neglecting any pressure 
drops, determine:

a) The mass flow rate of the cooling water required 
b) The heat transfer rate from the refrigerant to the water



Class Activity

33

• Solution (assumptions):
1. Steady-flow (Δ𝑚!" = 0 and ΔE%& = 0)
2. The kinetic and potential energy changes are zero (

)
Δke =

Δ𝑝𝑒 = 0
3. Heat losses from the system are negligible (�̇� ≅ 0)
4. There is no work interaction involved  

�̇�!" = �̇�#$%

�̇�+ = �̇�* = �̇�A

�̇�5 = �̇�; = �̇�B
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• Solution (a):

�̇�!" − �̇�#$% =
𝑑𝐸&'&%()

𝑑𝑡 = 0

�̇�!" = �̇�#$%

�̇�+ℎ+ + �̇�5ℎ5 = �̇�*ℎ*+ �̇�;ℎ;

�̇�A(ℎ+ − ℎ*) 	= �̇�B(ℎ; − ℎ5)
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• Solution (a):
q Water exits as a compressed liquid at both the inlet and exit 

since temperatures at both locations are below the saturation 
temperature of water at 300 kPa (113.53 °C)
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• Solution (a):

ℎ+ ≅ ℎ8	@	+:	°7 = 62.982
𝑘𝐽
𝑘𝑔

ℎ* ≅ ℎ8	@	*:	°7 = 104.83
𝑘𝐽
𝑘𝑔
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• Solution (a):

5𝑃5 = 1	𝑀𝑃𝑎
𝑇5 = 70	°𝐶 	 (𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑒𝑑) → 	 ℎ5 = 303.87

𝑘𝐽
𝑘𝑔
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• Solution (a):

5𝑃5 = 1	𝑀𝑃𝑎
𝑇5 = 35	°𝐶 	 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑	𝑙𝑖𝑞𝑢𝑖𝑑 → 	 ℎ; = ℎ8	@	5:	°7 = 100.88

𝑘𝐽
𝑘𝑔
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• Solution (a):

�̇�A 62.982 − 104.83
𝑘𝐽
𝑘𝑔 = 6

𝑘𝑔
𝑚𝑖𝑛 100.88 − 303.87

𝑘𝐽
𝑘𝑔

�̇�A = 29.1
𝑘𝑔
𝑚𝑖𝑛
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• Solution (b):
q We need to choose a control volume for this part: either water 

or the refrigerant. Here we chose water for no specific reason

�̇�!" − �̇�#$% =
𝑑�̇�&'&%()

𝑑𝑡 = 0

�̇�!" = �̇�#$%

�̇�A,!" + �̇�Aℎ+ = �̇�Aℎ*

�̇�A,!" = �̇�A ℎ* − ℎ+ = 29.1
𝑘𝑔
𝑚𝑖𝑛 = 104.83 − 62.982

𝑘𝐽
𝑘𝑔 = 1218

𝑘𝐽
𝑚𝑖𝑛
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• Pipe and Duct Flow
q We countered the transport of liquids or gases in pipes and 

ducts is of great importance in many engineering 
applications (desired and undesired heat transfer)
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• Pipe and Duct Flow
q The velocities in pipe and duct flow are relatively low

q The kinetic energy changes are usually insignificant, 
especially when the pipe or duct diameter is constant, and 
the heating effects are negligible (could be important when 
cross section varies)

q Potential energy could be significant
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• The electric heating systems used in many houses consist of 
a simple duct with resistance heaters. Air is heated as it 
flows over resistance wires. Consider a 15.kW electric 
heating system. Air enters the heating section at 100 kPa 
and 17 °C with a volume flow rate of 150 m3/min. If heat is 
lost from the air in the duct to the surroundings at a rate of 
200 W, determine the exist temperature of air. 
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• Solution (assumptions):
1. Steady-flow (Δ𝑚!" = 0 and ΔE%& = 0)
2. Air is an ideal gas since it is at a high temperature and low 

pressure relative to its critical point values
3. The kinetic and potential energy changes are zero (

)
Δke =

Δ𝑝𝑒 = 0
4. Constant specific heats at room temperature can be used for 

air
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• Solution:

�̇�!" = �̇�#$%

�̇�&,!" + �̇�ℎ( = �̇�#$% + �̇�ℎ)

�̇�&,!" − �̇�#$% = �̇�𝑐*(𝑇) − 𝑇()
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• Solution:

𝑐* = 1.005
𝑘𝐽

𝑘𝑔 − °𝐶

𝑣( =
𝑅𝑇(
𝑃(

=
(0.287 𝑘𝑃𝑎 − 𝑚

+

𝑘𝑔 − 𝐾 )(290𝐾)

100	𝑘𝑃𝑎
= 0.832

𝑚+

𝑘𝑔

(less than 0.5 percent for air in the range of -20 to 70 °C)

(Ideal-gas)

�̇� =
∀̇(
𝑣(
=
150	𝑚+/𝑚𝑖𝑛
0.832	𝑚+/𝑘𝑔

(1	𝑚𝑖𝑛/60	𝑠) = 3.0	𝑘𝑔/𝑠	
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• Solution:

15
𝑘𝐽
𝑠

− 0.2
𝑘𝐽
𝑠

= 3
kg
s

1.005
kJ

𝑘𝑔 − °𝐶
𝑇) − 17 °𝐶

𝑇) = 21.9	°𝐶
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• During a steady-flow process, no changes occur within the 
control volume, so one does not need to be concerned about 
what is going on within the boundaries

• However, many processes involve change within the control 
volume with respect to time, which we call them unsteady-
flow or transient-flow processes
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• We deal with changes that occur over some time interval Δ𝑡 
instead of with the rate of changes 

• At unsteady-flow system in some respects is similar to a 
closed system, except that the mass within the system 
boundaries does not remain constant during a process

• Steady-flow systems are fixed in space, size, and shape 
while unsteady-flow systems are not. They are usually 
stationary that is they are fixed in space, but they may 
involve moving boundaries and thus boundary work
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• Let’s look at unsteady flow processes:

𝑚!" −𝑚#$% = Δ𝑚,-,%&.

Δ𝑚,-,%&. = 𝑚/!"01 −𝑚!"!%!01
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• Let’s look at unsteady flow processes and a few cases for 
mass change:

𝑚! −𝑚& = 𝑚) −𝑚( 23



Energy Analysis of Unsteady-Flow Processes

54

• Let’s look at unsteady energy balance:

𝐸!" − 𝐸#$% = Δ𝐸,-,%&.
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• Let’s look at unsteady flow process energy balance
q It is difficult to solve 
q Sometimes we can use uniform-flow process

(𝑄!" +𝑊!" +M
!"

𝑚𝜃) − (𝑄#$% +𝑊#$% +M
#$%

𝑚𝜃) = 𝑚)𝑒) −𝑚(𝑒( ,-,%&.
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• Let’s look at unsteady flow process energy balance
q A few simplified cases (kinetic and potential energy changes 

associated with the control volume and fluid streams are 
negligible):

𝑄 −𝑊 =M
#$%

𝑚ℎ −M
!"

𝑚ℎ + 𝑚)𝑢) −𝑚(𝑢( ,-,%&.

𝑄 = 𝑄"(%,!" = 𝑄!" − 𝑄#$%

𝑊 = 𝑊"(%,!" = 𝑊!" −𝑊#$%
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• Let’s look at unsteady flow process energy balance
q If no mass enters or leaves the control during a process 

(𝑚' = 𝑚( = 0 and 𝑚$ = 𝑚# = 𝑚), the equation reduces to the 
energy balance relation for closed systems
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58

• Let’s look at unsteady flow process energy balance
q It can also involve work:
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• A rigid, insulated tank that is initially evacuated is connected 
through a valve to a supply line that carries at 1 MPa and 
300 °C. Now the valve is opened, and steam is allowed to 
flow slowly into the tank until the pressure reaches 1 MPa, at 
which the valve is closed. Determine the final temperature of 
the steam in the tank. 
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• Solution (assumptions):
1. This process can be analyzed as a uniform-flow process 

since the properties of the steam entering the control volume 
remain constant during the entire process

2. The kinetic and potential energies of the streams are 
negligible 

3. The tank is stationary and thus its kinetic and potential energy 
changes are zero ΔKE = Δ𝑃𝐸 = 0  and Δ𝐸)*+,(- = Δ𝑈)*+,(-

4. There are no boundary, electrical, or shaft work interactions 
involved 

5. The tank is well-insulated and this there is no heat transfer 
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• Solution:
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• Solution (mass balance):

𝑚!" −𝑚#$% = Δ𝑚,-,%&. = 𝑚) −𝑚(

𝑚! = 𝑚)
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• Solution (energy balance):

𝐸!" − 𝐸#$% = Δ𝐸,-,%&.

𝑚!ℎ! = 𝑚)𝑢)

ℎ! = 𝑢)
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• Solution (finding states):

Q𝑃! = 1	𝑀𝑃𝑎
𝑇! = 300	°𝐶	 → 	ℎ! = 3051.6

𝑘𝐽
𝑘𝑔

ℎ! = 3051.6
𝑘𝐽
𝑘𝑔

= 𝑢)

T
𝑃) = 1	𝑀𝑃𝑎

ℎ) = 3051.6
𝑘𝐽
𝑘𝑔
	 → 𝑇) = 456.1	°𝐶
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• An insulated 8 m3 rigid tank contains air at 600 kPa and 400 
K. A valve is connected to the tank is now opened, and air is 
allowed to escape until the pressure inside drops to 200 kPa. 
The air temperature during the process is maintained 
constant by an electric resistance heater placed in the tank. 
Determine the electrical energy supplied to air during this 
process. 
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• Solution (assumptions):
1. This process can be analyzed as a uniform-flow process 

since the properties of the steam entering the control volume 
remain constant during the entire process

2. The kinetic and potential energies of the streams are 
negligible 

3. The tank is insulated, so heat transfer can be negligible
4. Air is an ideal gas
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• Solution (mass balance):

𝑚!" −𝑚#$% = Δ𝑚,-,%&. = 𝑚) −𝑚(

𝑚& = 𝑚( −𝑚)
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• Solution (energy balance):

𝐸!" − 𝐸#$% = Δ𝐸,-,%&.

𝑊&,!" −𝑚&ℎ& = 𝑚)𝑢) −𝑚(𝑢(
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• Solution (calculating masses):

𝑅 = 0.287 450..
!

4789
     (Table A-1)

𝑚+ =
𝑃+𝑣+
𝑅𝑇+

=
(600	𝑘𝑃𝑎)(8	𝑚5)

(0.287 𝑘𝑃𝑎 − 𝑚
5

𝑘𝑔 − 𝐾 )(400	𝐾)
= 41.81	𝑘𝑔	

𝑚* =
𝑃+𝑣+
𝑅𝑇+

=
(200	𝑘𝑃𝑎)(8	𝑚5)

(0.287 𝑘𝑃𝑎 − 𝑚
5

𝑘𝑔 − 𝐾 )(400	𝐾)
= 13.94	𝑘𝑔	

𝑚( = 𝑚+ −𝑚* = 41.81 − 13.94 = 27.87	𝑘𝑔
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• Solution (calculating masses):

𝑎𝑡	400	𝐾 𝑇𝑎𝑏𝑙𝑒	𝐴 − 21 :
ℎ" = 400.98

𝑘𝐽
𝑘𝑔

𝑢# = 𝑢$ = 286.16
𝑘𝐽
𝑘𝑔

𝑊",&' = 𝑚"ℎ" +𝑚$𝑢$ −𝑚#𝑢#

𝑊",&' = 27.87	𝑘𝑔 400.98
𝑘𝐽
𝑘𝑔

+ 13.94	𝑘𝑔 286.16
𝑘𝐽
𝑘𝑔

− 41.81	𝑘𝑔 286.16
𝑘𝐽
𝑘𝑔

= 3200	𝑘𝐽 = 0.889	𝑘𝑊ℎ	


