
CHAPTER 5

THE FIRST LAW FOR OPEN SYSTEMS

5.1 Introduction

An open system is one which matter may enter or leave. An uncovered cup

of coffee is an open system, since water evaporates from it. Open systems are

very common in engineering thermodynamics. A simple example is a jet engine,

which takes in air and fuel, mixes and burns them, and then exhaust the hot

combustion products at high speed to produce thrust. Design of an efficient jet

engine requires a careful thermodynamic analysis, which we will discuss in more

detail soon.

In this chapter, we develop one of the major tools needed to carry out such

an analysis — an expression of the First Law of Thermodynamics suitable for

open systems. Following this development, we will apply it to examine the

characteristics of some very useful devices for changing the state of a flowing

fluid, and take a first look at how such simple devices may be combined to do

useful tasks, such as generate electrical power.

5.2 Some Approximations Involving Flowing Fluids

In most cases of interest to us, the matter which enters or leaves an open system

is a fluid. Problems involving flowing fluids are more complicated than the

problems we have considered up to now, since strictly speaking a flowing fluid

is not in equilibrium — unbalanced forces are causing it to move. Depending

on the particular features of the flow, it may be turbulent, and properties such

as temperature, pressure, velocity, and density may vary from point to point

within the fluid. To make the analysis of problems with flowing fluids tractable,

we need to make some approximations.

5.2.1 Equilibrium Properties

What property relationships should we use to determine the properties of a

flowing fluid? We now know a great deal about the properties of fluids in

equilibrium (at rest). But if the velocity varies from point-to-point in a fluid,

as it does in all real viscous fluids, then there is no reference frame in which it
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appears stationary.

Fortunately, for most situations of engineering interest the relationships

among properties in a flowing fluid are indistinguishable from the equilibrium

equations of state we discussed in the last chapter, as long as the thermody-

namic properties are interpreted as “local” values at a point in a fluid. When

this is true, we say the flow is in local thermodynamic equilibrium, sometimes

abbreviated LTE.

For example, a very low density flowing gas will usually still obey Pv = RT

to a very good approximation at every point in the gas, even if P , v, and T

differ from point to point, as long as the P , v, and T values are all measured at

the same point. Similarly, when LTE holds, the local specific internal energy u

will have the same dependence on the local temperature as if the gas were truly

in equilibrium.

There can be some extreme situations where LTE does not hold and equilib-

rium equations of state break down entirely. For example, in a shock wave the

properties of a gas change dramatically over a distance comparable to a molec-

ular mean free path, which in air at 1 atm is about 0.15 µm. When properties

change significantly over a distance of a mean free path, then the equilibrium

property relationships no longer hold, and properties such as pressure and tem-

perature may not even be meaningful. However, the properties of the gas just

a few mean free paths on either side of the shock wave would be found to be

well-described by equilibrium equations of state. Fortunately, we will not need

to evaluate any gas properties right at a shockwave.

Another type of system where non-LTE behavior is often found is a plasma,

which is simply a gaseous mixture of ions and electrons (and often neutral

atoms or molecules too). Plasmas occur naturally in the upper atmosphere

and in outer space, and also can be created in the laboratory. Plasmas have

been investigated actively since the 1950’s as a means to achieve the conditions

necessary for nuclear fusion. Smaller scale plasmas are also widely used in

industry, for example to etch patterns in semiconductors, to clean surfaces,

and to deposit thin coatings. Plasmas can have strange behavior – often the

electrons have much more kinetic energy on average than do the heavy ions or

atoms. In plasmas used in the semiconductor industry, the heavy particles are

at room temperature, while the electrons behave as if they had a much higher

temperature, often greater than 10,000 K. Clearly a gas which behaves as if

different species have different temperatures is not close to equilibrium, and

equilibrium gas properties could not predict the correct properties of such a

plasma.
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Figure 5.1: Approximate one-dimensional flow of a river.

Another situation where deviations from equilibrium equations of state can

be important is if the fluid properties are changing too rapidly for the fluid

to adjust. For example, if the pressure in a liquid is rapidly reduced, it may

drop below Psat(T ) without vapor forming, since formation of vapor bubbles is

not instantaneous. When Psat − P reaches some critical value, vapor bubbles

will form explosively, which is known as cavitation. Some “fluids” like glasses

and polymer melts can take a very long time to re-establish equilibrium when

perturbed, and thus often exhibit non-equilibrium properties.

Situations like these in which the fluid properties differ significantly from the

equilibrium properties are relatively rare. In this book, we will usually assume

that equilibrium equations of state may also be used to compute the properties

of fluids slightly out of equilibrium (due, for example, to flow). We will call this

the assumption of equilibrium properties.

5.2.2 One-Dimensional Flow

Another often-useful assumption is the assumption of one-dimensional flow.

Contrary to what its name seems to imply, it does not mean the molecules

follow one after another along a mathematical line. Instead, it only means

that the flow velocity is assumed to depend on only a single co-ordinate (not

two or three, which would define two-dimensional or three-dimensional flow,

respectively).

The one-dimensional flow assumption is easily understood by considering

the flow of a river (Fig. 5.1). A detailed description of a river flow would

be quite complicated, since it would have to describe in detail the turbulent

flow around over and around rocks, etc. But on a more global scale, a river
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flow is simple: the water flows basically downstream. When we make the one-

dimensional flow assumption, we ignore the details of the actual fluid flow and

focus on the principal direction the fluid is moving. We approximate the flow

velocity as being the same everywhere on a cross-section normal to the local

downstream direction. Essentially, we are assuming that all fluid “packets” at

a given downstream location are moving with the average velocity of the real

three-dimensional flow at that downstream location.

One-dimensional flow does not necessarily mean the velocity is constant. In

a river, the flow is rapid where the river is narrow, and slow where the river is

wide. What is constant is the water mass flow rate ṁ (kg/s). The mass flow

rate of water is

ṁw = ρwV (x)A(x), (5.1)

where x is the distance downstream, ρw is the water density (constant), V (x)

is the one-dimensional flow speed at x, and A(x) is the cross sectional area of

the river at x.

Therefore, for a river with constant ṁ, the product V (x)A(x) is constant. In

practice, Eq. (5.1) would be the equation used to calculate V (x), and so serves

to define the one-dimensional flow speed.

We will be interested in many situations in which a gas or vapor flows through

a tube of variable cross-sectional area A(x). As long as the changes in area are

gradual, the flow down the tube is approximately one-dimensional. The gas

mass flow rate through the tube is given by the same equation as for the river

flow, except that we should allow for the possibility that the gas density may

also depend on x:

ṁ = ρ(x)V (x)A(x). (5.2)

The density would depend on x if, for example, the gas heats up or cools down

as it flows down the tube (perhaps the tube walls are heated or cooled). As

we’ll see later, the density can also vary greatly if the flow speed is comparable

to or greater than the speed of sound and the tube area changes. Of course,

Eq. (5.2) also applies to liquids, for which ρ(x) ≈ constant.

5.2.3 Steady Flow

Equation 5.2 always holds in one-dimensional flow, even if ṁ is time-dependent.

In this case, the flow is unsteady. If all quantities appearing in Eq. (5.2) do not

depend on time, then the flow in the tube is by definition steady.
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Figure 5.2: Control mass and control volumes for analysis of a system with fluid
entering through an inlet pipe. (a) time t; (b) time t+ dt.

5.3 Energy Accounting for an Open System

In order to develop the First Law for an open system, consider the simple

situation shown in Fig. 5.2. A container is connected to an inlet tube, and fluid

(either liquid or gas, it doesn’t matter) is flowing in. There is no outlet, so fluid

builds up in the container.

The flow into the container is assumed to be one-dimensional, with speed

Vin.

Since we know how to write the First Law for closed systems, let’s begin by

analyzing the control mass system labeled CM. Suppose we start the analysis

at time t and allow an infinitesimal time dt to elapse, during which energy flows

from the environment to the system in the form of heat d̄Q and work d̄W .

The control mass boundary at time t in the inlet pipe is chosen to include

the fluid which flows into the container in time dt. At time t+ dt, this fluid has

moved into the container, so the control mass boundary has moved flush with

the end of the inlet pipe.

The work done on the system in time dt contains two contributions, which

we will call d̄Wext and d̄Wflow . The first is the work done by external forces

(such as a stirrer, or electrical work from a battery, or any other type of work).

The second contribution is the force on the moving system boundary in the inlet

pipe. Remember any time a system boundary moves by dx under action of an

external force F, work in the amount F · dx is done by the external force on the

system.

In the present case, the external force is provided by the fluid in the inlet
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pipe just outside the control mass, pushing on the fluid just inside the control

mass. The flow work done in time dt is

d̄Wflow = Fdx = (PinAin)dx = PinAinVindt. (5.3)

This expression may be re-written in terms of the mass flow rate ṁin in the

inlet pipe. The mass flow rate (kg/s) is

ṁin = ρinVinAin. (5.4)

Therefore, in terms of ṁin,

d̄Wflow = ṁin(P/ρ)indt = (ṁPv)indt. (5.5)

The first law for system CM is:

dECM = d̄Q+ d̄W

= d̄Q+ d̄Wext + (ṁPv)indt. (5.6)

The term ECM includes all energy in the control mass, whether internal, kinetic

or potential:

ECM = (U + Ek +Ep)CM . (5.7)

Now consider the control volume CV, which consists only of the container.

At time t, CV does not contain the fluid in CM which is still in the inlet tube.

Therefore,

ECM(t) = ECV (t) + (ṁindt)(ein) (5.8)

where ein is the total specific energy of the fluid in the inlet:

ein = uin + ek,in + ep,in. (5.9)

If the inlet flow is one-dimensional and if the potential energy is due to gravi-

tation then

ein = uin +
V 2
in

2
+ gyin, (5.10)

where yin is the elevation of the inlet tube.

At time t+ dt, CM and CV coincide, so

ECM(t + dt) = ECV (t+ dt). (5.11)

Subtracting Eq. (5.8) from Eq. (5.11), we find

dECM = dECV − (ṁindt)(ein). (5.12)
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Figure 5.3: Energy accounting for a control volume with fluid entering through
one inlet.

Putting this into Eq. (5.6) yields

dECV − (ṁindt)(ein)E = d̄Q+ d̄Wext + (ṁPv)indt. (5.13)

Rearranging, we have

dECV = d̄Q+ d̄Wext + [ṁ(e+ Pv)]in dt. (5.14)

We may divide this equation by the elapsed time dt to express this equation on

a rate basis (per unit time):

d

dt
ECV = Q̇+ Ẇext + [ṁ(e+ Pv)]in , (5.15)

where

Q̇ =
d̄Q

dt
(5.16)

is the rate at which heat is added to CV, and

Ẇext =
d̄Wext

dt
(5.17)

is the rate at which external work is done on CV. Note that d̄Q/dt should be

interpreted as a fraction ( d̄Q divided by dt), and not as a derivative; the same

holds for d̄W/dt.

Both Eq. (5.14) and Eq. (5.15) are statements of the First Law for an open

system with one fluid inlet. They may be interpreted as shown in Fig. 5.3: the

rate of increase of energy stored in the control volume (dECV /dt) is equal to

the sum of the rates of energy transfer into the system from the environment.

The energy transfer terms are due to
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1. external work: Ẇext

2. heat transfer: Q̇

3. flow work required to push the fluid into the control volume: (ṁPv)in

4. energy which is carried in (or convected in) by the entering fluid: (ṁe)in.

Equation (5.15) may be easily generalized to handle an arbitrary control

volume with multiple fluid inlets and multiple fluid outlets. For the ith inlet,

there is a term [ṁ(e + Pv)]i in the energy balance to account for the energy

convected in with the fluid, and the flow work done by the environment to push

it in. For outlets, the analysis is the same as for inlets except V < 0. This

simply changes the sign: for the oth outlet, a term −[ṁ(e + Pv)]o must be

added. Therefore, the general statement of the First Law for an open system is

d

dt
ECV = Q̇+ Ẇext +

∑
inlets

[ṁ(e+ Pv)]i −
∑
outlets

[ṁ(e+ Pv)]o (5.18)

Note that ṁ, e, P , and v may differ for each inlet and outlet, and may differ

from the state of the fluid inside the control volume. Also, all quantities in this

equation may be time-dependent.

We have not said anything about the state of the matter inside the con-

trol volume. It might be near equilibrium, or might be very far from it, with

shock waves, plasmas, chemical reactions, or other complex phenomena occur-

ring. Of course, if we wish to relate ECV to other properties (e.g. pressure or

temperature), we would need to know more about just what is happening inside

CV.

We do need to evaluate (e+Pv) for the fluid in each inlet and in each outlet.

Typically, we will make the equilibrium properties assumption for the inlet and

outlet streams to allow evaluating e+ Pv.

Since e = u+ ek + ep,

e+ Pv = (u+ Pv) + ek + ep

= h+ ek + ep. (5.19)

Therefore, e+Pv is simply the specific enthalpy h plus any macroscopic kinetic

and potential energy per unit mass. For the common case of a one-dimensional
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flow where the only potential energy is gravitational,

e+ Pv = h+
|V|2

2
+ gy (5.20)

Another way to write Eq. (5.18) for this case is

d

dt
ECV = Q̇+ Ẇext +

∑
inlets

[
ṁ

(
h +
|V2|

2
+ gy

)]
i

−
∑
outlets

[
ṁ

(
h+
|V2|

2
+ gy

)]
o

(5.21)

Example 5.1

An insulated tank is to be pressurized with air. A high-pressure air line is

connected to the tank inlet through a flow-regulating valve which produces a

constant mass flow of air ṁ. The temperature of the air in the high-pressure

line is the ambient temperature T0. Assuming that air may be idealized as an

ideal gas with constant specific heats, determine the temperature in the tank as

a function of time.

m
.

T0

CV

Solution: Since mass is entering the tank, this problem is most easily solved

by defining a control volume and using the First Law in the form of Eq. (5.18).

The surface of the control volume should always be placed where we know some

information. Since we don’t know the state of the air at the outlet of the valve,

but we do know the state at the valve inlet, let the control surface cut through

the inlet before the valve.

We will assume the following:

1. One-dimensional, steady flow in air line

2. Air inside tank is uniform, with negligble kinetic energy

3. Potential energy may be neglected

4. Kinetic energy in air line may be neglected
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5. Equilibrium properties in air line and in tank

6. Adiabatic process (Q̇ = 0)

7. Ideal gas with constant cv

For this problem, Eq. (5.18) becomes

d

dt
ECV = [ṁ(e+ Pv)]in . (5.22)

Note that Ẇext = 0, since there is no external work in this problem.

Since we are assuming kinetic and potential energies are negligible, ECV =

UCV and (e+ Pv)in = hin. Therefore,

d

dt
UCV = [ṁh]in . (5.23)

Since the flow is steady, the right-hand side of this equation is a constant, and

therefore it is easily integrated:

UCV (t) = UCV (0) + ṁhint. (5.24)

We can also write a mass balance on the control volume:

MCV (t) = MCV (0) + ṁt (5.25)

The rate of these two equations gives the specific internal energy of the air in

the tank as a function of time:

uCV (t) =
UCV (t)

MCV (t)
=
UCV (0) + ṁhint

MCV (0) + ṁt
. (5.26)

At long times, the terms linear in t will dominate over the constant terms, so

lim
t→∞

uCV (t) = hin. (5.27)

For an ideal gas with constant cv, we may write u = cvT and h = cpT , taking

the reference state at T = 0. Then

lim
t→∞

TCV (t) =
cp

cv
Tin (5.28)

Thus, the air in the tank ends up hotter than the air in the high-pressure line.

The physical reason for this is that to put more air in the tank, the air already

there has to be compressed to make room. We’ve seen before that adiabatic

compression of a gas causes it to heat up, due to the compression work done on

it. This is one more example of this effect.

An interesting feature of this problem is that the temperature in the tank

depends only on Tin and cp/cv, and not on the final pressure. For air, cp/cv ≈
1.4, so if Tin = 300 K, the final temperature in the tank is 420 K.



CHAPTER 5. THE FIRST LAW FOR OPEN SYSTEMS 116

5.4 Steady State

If the energy and mass contained within the control volume are not changing

with time, we say the control volume is in steady state. In this case, dECV /dt =

0, so Eq. (5.18) becomes

Q̇+ Ẇext +
∑
inlets

[ṁ(e+ Pv)]i =
∑
outlets

[ṁ(e+ Pv)]o . (5.29)

This equation simply states that at steady state the energy inflow rate to the

control volume (the left-hand side) must equal the energy outflow rate (the

right-hand side).

Since no mass can be accumulating inside the control volume at steady state,

we also require ∑
inlets

ṁi =
∑
outlets

ṁo. (5.30)

It is important to remember the difference between the assumption of steady

flow and the assumption of steady state. Steady flow applies to an individual

inlet or outlet stream, and means that ṁ and the fluid properties of the stream

are constant. Steady state applies to the entire control volume, and means that

energy and mass inflows and outflows balance, so that there is no net change in

the energy or mass contained in the control volume. In the last example, the

inlet flow was a steady flow, but the system was not in steady state, since there

was no outlet and both mass and energy continued to accumulate in the tank.

The steady state assumption is very useful to analyze many real engineering

systems, including most power plants, chemical plants, jet engines, rocket mo-

tors, refrigeration systems, etc. Although they are not always truly in steady-

state (for example, the thrust of an aircraft engine changes from take-off to

cruise), the transient terms in the energy and mass balances (dECV /dt and

dMCV /dt, respectively) are usually small enough compared to the other terms

that they may be neglected, and the problem treated as a steady state one.

Most of these complex engineering systems are constructed from a set of

simple steady-flow, steady-state devices which alter the state of a flowing fluid

in some way, and may exchange energy as heat or work with the environment.

We will introduce some of the major ones in the next section. Analyzing these

simple systems shows how the First Law for open systems is used, and it allows

us to begin assembling a “toolkit” of devices which we will use to build more

complex systems in later chapters.



CHAPTER 5. THE FIRST LAW FOR OPEN SYSTEMS 117

5.5 Some Steady-Flow, Steady-State Devices

5.5.1 Nozzles

A nozzle is a device which is accelerates a fluid flowing steadily through it. For

liquids or subsonic gases, a nozzle simply consists of a converging tube (Fig. 5.4.1

To first approximation, nozzles are often idealized as adiabatic. In a real

nozzle, there may be some heat transfer to or from the environment if the fluid

is hotter or colder than the surroundings. But often the fluid flows through

the nozzle so rapidly that there is little time for a significant amount of heat

transfer to occur.

We will make the following assumptions to analyze flow through an adiabatic

nozzle:

1. One-dimensional, steady flow at inlet and outlet (states 1 and 2)

2. Equilibrium properties at states 1 and 2

3. Q̇ = 0

4. Negligible change in potential energy

5. Steady state

With these assumptions, the energy balance is[
ṁ

(
h+

V 2

2

)]
1

=

[
ṁ

(
h+

V 2

2

)]
2

. (5.31)

Because of the steady-state assumption, ṁ1 = ṁ2, so

h1 +
V 2

1

2
= h2 +

V 2
2

2
. (5.32)

Since the fluid accelerates through a nozzle, the pressure must decrease in

the direction of flow. Thus, P2 < P1. The action of an adiabatic, steady nozzle

on the thermodynamic state of the fluid is as shown in the P −h plot in Fig. 5.4:

both the pressure and the enthalpy are lower at the outlet than at the inlet.

The horizontal distance h1−h2 between the inlet and outlet state points equals

the increase in kinetic energy.

The line connecting states 1 and 2 is shown as dashed in Fig. 5.4. A dashed,

straight line is used simply to indicate that state 1 is transformed to state 2 by

1A nozzle for a supersonic gas consists of a diverging tube, as we’ll discuss in more detail
later. To accelerate a gas from subsonic to supersonic speed, a converging-diverging tube is
required (an hourglass shape).
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Figure 5.4: An adiabatic nozzle.

the nozzle. It does not imply that the fluid state really followed a straight-line

trajectory in (P, h) in going from state 1 to state 2. In fact, we have only made

the equilibrium properties assumption for states 1 and 2. Inside the nozzle, the

fluid might not be describable by any equilibrium state – we don’t know.

Of course, the positions of state 1 and state 2 do not need to be as shown in

this diagram. States 1 and 2 could be located anywhere, including in the liquid

or two-phase regions. The only requirement is that P2 < P1 and h2 < h1.

Example 5.2 Nitrogen at 300 K and 2 atm flows at 1 m/s into an adiabatic

nozzle which exhausts into the ambient air at 1 atm. If the exit speed is 300

m/s, what is the temperature at the exit?

Solution: Using TPX,

h1 = h("n2","tp",300,2) = 4.613× 105 J/kg.

The initial specific kinetic energy V 2
1 /2 = 0.5 J/kg, and the final specific kinetic

energy V 2
2 /2 = 4.5× 104 J/kg. Therefore,

h2 = 4.613× 105 + (0.5− 4.5× 104) = 4.163× 105 J/kg.

Since P2 is given, P2 and h2 fix the exit state. From TPX,

T2 = Temp("N2","PH",1,4.163E5)= 256.57 K.

Note that in the last example the initial kinetic energy of the gas is very

small compared to the final kinetic energy, and thus ∆(V 2/2) ≈ V 2
2 /2. When

this is the case, Eq. (5.32) reduces to V2 =
√

2(h1 − h2). We will often assume

that the initial kinetic energy is negligible when analyzing flow through nozzles.
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Figure 5.5: An adiabatic diffuser.

5.5.2 Diffusers

A diffuser is in a sense the opposite of a nozzle. In a diffuser, a flow decelerates,

with a corresponding pressure rise. (The pressure must rise, since fluid elements

will only decelerate if they experience a net force directed opposite to the flow

direction.) For liquids and subsonic gases, a diffuser simply consists of a diverg-

ing tube (Fig. 5.5. The energy balance for a steady-state adiabatic diffuser is

the same as that for an adiabatic nozzle (with the same assumptions):

h1 +

(
V 2

2

)
1

= h2 +

(
V 2

2

)
2

. (5.33)

Now, however, V2 < V1, so h2 > h1. The state of the fluid is transformed by

the diffuser as shown in Fig. 5.5.

If the exit area of the diffuser is much larger than the inlet area and the

flow is one-dimensional, then V2 � V1 and ∆(V 2/2) ≈ −V 2
1 /2. In this limit,

h2 = h1 + V 2
1 /2. The quantity

h∗ = h+
V 2

2
(5.34)

is known as the stagnation enthalpy of a fluid with enthalpy h and speed V , since

it is the enthalpy the fluid would have if it were brought to rest (stagnation) in

an adiabatic diffuser. In terms of the stagnation enthalpy, the energy balance

for an adiabatic nozzle or diffuser may be written

h∗1 = h∗2. (5.35)



CHAPTER 5. THE FIRST LAW FOR OPEN SYSTEMS 120

log P

h

1
1

2

2

Figure 5.6: An adiabatic valve.

5.5.3 Valves

A valve is a device which drops the pressure in a flowing fluid without signif-

icantly increasing its kinetic energy. The interior of a valve looks something

like a nozzle: there is a constriction in the flow passage, requiring the fluid to

accelerate to pass through. But in a valve, the flow passage opens up abruptly

after the constriction, causing one-dimensional flow to break down. A highly

three-dimensional turbulent flow develops, in which most of the kinetic energy

of the flow is converted into internal energy through viscous (friction) forces.

Valves are highly non-equilibrium, irreversible devices. But all we require to

carry out a steady-state analysis of a valve is the ability to evaluate properties

just upstream and just downstream of the valve. As long as the flow is rea-

sonably one-dimensional and describable with equilibrium properties at these

points, what is going on within the valve is irrelevant for the analysis.

Like nozzles and diffusers, valves are often approximated as adiabatic, since

usually the fluid does not spend enough time in the valve for appreciable heat

transfer to occur. Therefore we will make the following assumptions for the

analysis of a valve: steady, one-dimensional flow at the inlet and outlet (states

1 and 2); equilibrium properties at 1 and 2; adiabatic; steady state; negligible

change in kinetic and potential energy.

With these assumptions, the energy balance is simply

h1 = h2. (5.36)

Since P2 < P1, the action of a valve on the state of the fluid is as shown in

Fig. 5.6. Of course, state 1 can be anywhere in the (P, h) plane, and state 2
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can be any point directly below state 1. Depending on conditions, the fluid

emerging from the valve could be liquid, vapor, or mixed.

Example 5.3 An adiabatic valve in a liquid oxygen line causes a pressure drop

of 0.5 MPa. If saturated liquid at 1 MPa enters the valve, what is the state of

the oxygen emerging from the valve?

Solution: Assume:

1. steady, 1D flow, equilibrium properties at inlet and outlet

2. steady state

3. adiabatic

4. negligible change in P.E. or K.E.

Then the energy balance is

h1 = h2.

From TPX, h1 = hf (P1) = h("o2","px",1,0) = 114.16 kJ/kg. The inlet

temperature T1 = Tsat(P1) = temp("o2","px",1,0) = 119.68 K. State 2 is

fixed by P2 = 0.5 MPa and h2 = h1. Therefore,

T2 = temp("o2","ph",0.5,114.16)= 108.86 K

X2 = x("o2","ph",0.5,114.16)= 0.106.

log P

h

1

20.5 MPa

1 MPa

5.5.4 Compressors and Pumps

Compressors and pumps have the same function – they increase the pressure of

the fluid flowing through them. We usually use the term pump if the fluid is a

liquid, and compressor if the fluid is a gas. Work input is required to push the

fluid from the low-pressure inlet to the high-pressure outlet. (Unlike a diffuser,

the flow entering a compressor or pump does not have significant kinetic energy

at the inlet.) Internally, a compressor or pump has a set of blades or vanes,

which are mounted on a central rotating shaft. The blades are designed so that
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Figure 5.7: An adiabatic compressor.

as the shaft rotates the blades impart momentum to the fluid, pushing it toward

the outlet.

Again, compressors and pumps are usually idealized as adiabatic devices.

Making appropriate assumptions about the system, the energy balance for a

compressor is

ṁh1 + Ẇc = ṁh2. (5.37)

See if you can list the assumptions implied by this equation.2

Since ṁ is a constant, it is convenient to divide through by it to obtain

h1 +Wc = h2. (5.38)

Here Wc = Ẇc/ṁ is the input compressor work per unit mass of fluid flowing

through the compressor (J/kg).

Of course, for a pump the analogous energy balance is

h1 +Wp = h2, (5.39)

where Wp = Ẇp/ṁ.

5.5.5 Turbines

A turbine is a device which produces continuous power by expanding a fluid

flowing through it. The most familiar example is a windmill, or wind turbine.

A wind turbine has blades mounted on a rotating shaft. As air flows over the

blades, the shaft turns. If the shaft is connected to a load, such as an electrical

generator, power is delivered to the load.

2At inlet and outlet: 1D, steady flow, equilibrium properties, negligible K.E. and P.E.;
steady state; adiabatic.
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Figure 5.8: An adiabatic pump.

Although a wind turbine extracts the power from the kinetic energy of the air

stream, an industrial turbine incorporates internal nozzles to accelerate a high-

pressure input stream to high velocity before it impacts the turbine blades.

Many turbines incorporate several rows of blades, one behind the other, to

convert as much of the kinetic energy at the outlet of the nozzle to useful shaft

power as possible. The flow emerges from the turbine at lower pressure than it

went in, with negligible kinetic energy.

Turbines too are usually idealized as adiabatic. Therefore, to analyze a

turbine we will assume: steady, 1D flow at inlet and outlet; negligible K.E. and

P.E. and inlet and outlet; adiabatic; steady state.

Up until now, when writing down energy balance equations, we have always

regarded heat and work as positive if the energy transfer is from the environment

to the system. Energy transfer in the other direction can be treated as negative

energy transfer to the system. Since a turbine delivers power to an external

load, if we do the energy balance this way we would have to regard the turbine

power as negative.

However, it is usually more convenient to regard heat and work transfers as

positive in doing an analysis. It is simple to modify our procedure to do this.

We only need to remember whether we are defining Ẇ and Q̇ as an energy inflow

or outflow, and put it in the appropriate place in the energy balance equation

(i.e., on the same side of the equation as the other energy inflows or outflows).

To avoid confusion, it is best to always draw a sketch of the process, with the

direction of energy flows clearly labeled.

With the assumptions listed above, and the turbine power regarded as an
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Figure 5.9: An adiabatic turbine.

energy outflow (as shown in the sketch in Fig. 5.9), the energy balance is

ṁh1 = ṁh2 + Ẇt. (5.40)

Dividing by ṁ,

h1 = h2 +Wt, (5.41)

where Wt = Ẇt/ṁ. An adiabatic turbine changes the state of the fluid as shown

in Fig. 5.9.

5.5.6 Heat Exchangers

The last devices we will introduce are heat exchangers. As the name implies,

these are devices which transfer heat from one fluid stream to another. An

example of a heat exchanger is a car radiator, which transfers heat from the hot

engine coolant to air which is forced to flow over the radiator coils by the fan.

The simplest heat exchanger is a tube which one fluid (“A”) flows through,

with the other one (“B”) flowing over the tube. If A and B are at different

temperatures and the tube wall is a good conductor of heat (usually a metal)

then heat will flow between the two fluids. If fluid B is the atmosphere (as

in a car radiator) or a body of water such as a river, this open design is fine.

Otherwise, fluid B should be enclosed in a tube also. One common design is to

use concentric tubes, with A flowing one way through the center tube and B

flowing the other way through the annulus surrounding the center tube.

The change of state for each fluid can be analyzed separately by defining

a control volume which encompasses only that fluid. For example, the control

volume shown in Fig. 5.10 is appropriate to determine the change in state of

fluid A.
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Figure 5.10: A simple constant-pressure heat exchanger. Note that A and B
may be different fluids, with different mass flow rates.

Heat exchangers are usually constructed of such that the pressure drop due

from the inlet to the outlet for either fluid due to viscous drag is small. For this

reason, the flow through a heat exchanger is usually modeled (at least to first

approximation) as occurring at constant pressure.

An appropriate set of assumptions to analyze flow through a heat exhanger

is:

1. Steady, 1D flow at inlet and outlet; equilibrium properties at these points

2. Steady state

3. Constant pressure

For stream A in Fig. 5.10, with the direction of heat transfer as shown, the

energy balance is

ṁAhA1 + Q̇ = ṁAhA2. (5.42)

Dividing by ṁA,

hA1 +QA = hA2, (5.43)

where QA = Q̇/ṁA.
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Of course, the heat added to stream A came from stream B, so the energy

balance on B is

ṁBhB1 = Q̇+ ṁBhB2, (5.44)

or

hB1 = QB + hB2, (5.45)

where QB = Q̇/ṁB . Note that in general ṁA 6= ṁB , so QA 6= QB, even though

Q̇ is the same for both.

The inlet state for either fluid may be anywhere on the P − h plot, and the

outlet state may be anywhere at the same pressure. Some particular types of

heat exchangers are given names, depending on their primary function.

An evaporator or boiler is as heat exchanger which takes in liquid and pro-

duces vapor (as shown for stream A in Fig. 5.10). The minimum heat input

required to do this is for the case where the input is saturated liquid, and the

output saturated vapor. In this case,

Qin = hg − hf . (5.46)

The symbol hfg is used to denote hg − hf , and is called the enthalpy of vapor-

ization or heat of vaporization. If the output of the evaporator is superheated

vapor, the last segment of the heat exchanger where liquid is no longer present

is often called the superheater.

A condenser is just the opposite: it takes in vapor, removes heat causing the

vapor to condense, and outputs liquid. A condenser must transfer at least hfg

of heat to the other fluid stream in order to condense the vapor.


