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PREFACE

This preface is taken from the solutions manual to the first edition. The manual is
similar. There are new problems in most chapters, and solutions to these have been
added. The treatment of, particularly, compressible-flow analysis has been changed,
along with small changes in nomenclature and in the distinction between stagnation and
total conditions. The new problems and the existing problems all come from the senior
author, so that he/I am to blame for the idiosyncracies of the presentation of the problems
and of the solutions. Here, then, is the lightly edited first-edition preface.

Dave Wilson, MIT Cambridge, MA April 1999

Every author presumably believes that her/his work is markedly different — one hopes
better — than that of others. A textbook takes so many years produce that it is easy for an
author to become insulated from other texts. She/he then makes comparisons with work
of the more-or-less distant past. I may be firmly in this category. I have tried to avoid
what seems to me to be deficiencies in the academic problems I once had to solve, and to
make these problems a little nearer those that I have frequently faced in an engineering
career. There are three respects in which some of these problems differ from what might
be regarded as the “conventional” academic problem:

@) frequently there is no one “correct response;

(i1) there are sometimes provided more data, and sometimes less, than
are necessary to arrive at a solution;

(iii)  the problem statement is often placed first, with the data following,
rather than the usual academic practice of first giving much mysterious
information, with the question to be answered stated at the end.

Because the text and these problems are aimed at designers, I force students to make
choices. Young people who have been brought up on the analysis of problems for which
there is normally only one solution, often only one way to arrive at it, and exactly the
right amount of information needed, frequently become unsettled and unhappy at the
prospect of having to choose velocity-diagram parameters, or all the choices involved in a
simple heat-exchanger design, for instances. I make no apology for these types of
problems when I have managed to introduce them, even though they are less tidy, and the
solutions perhaps less satisfying, than the tight one-answer type of problem. (They also
take a little more grading effort on the part of instructors.)



The problems are also non-uniform in difficulty and in the time taken for solving them.
Real-life problems also come varied. These problems were devised for two graduate
courses at MIT. In each course there were normally eight homework assignments, each
of which could take from four to twelve hours. The most time-consuming problems are
from this group. Each course also had three quizzes lasting about 100 minutes. The
quizzes started with some simple questions that required no calculation and only a
sentence or two for a response, taking five or ten minutes. The last quiz problems
normally involve calculation and could take about 30 minutes. Use of textbooks was
allowed in all cases. The problems are in all three categories: ten-minute, thirty-minute
and four-hour challenges.

Three chapters (the brief history, starting and control system principles, and mechanical
design consideration) in the main text have no problems because their topics were treated
in a non-quantitative manner, suitable for background information. Some chapters, for
instance chapters 6 and 12, have rather few problems, because we take the treatment to
only an elementary level for which the inclusion of many problems would not be
justifiable.

The solutions have been written out mainly by hand at many different times and in
different places in the world. The quality is not consistently high, but I hope that the
solutions are legible and understandable.

David Gordon Wilson
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Problems

This first chapter has dealt principally with definitions, and with some discussion of the char-
acteristics and capabilities of turbomachinery and gas turbines. Answering questions on definitions
does not engender a love for the subject matter. Accordingly, the following questions probe back-
ground knowledge. Few readers will have more than a few of the data asked for in the first
question. Its purpose is to stimulate a survey of the engineering-society papers in the library, and
perhaps the advertisements in some of the engineering magazines. Some of the other questions
ask for opinions. Again, the purpose is to stimulate thought and perhaps some reading. There are
not necessarily “correct” answers to these questions. August committees of eminent scientists and
engineers have been frequently totally wrong when they have tried to forecast the future.

1.1. Complete as much of table P1.1 as possible, from your own knowledge or from library study. -
In general, every entry will be for a different machine, although in some cases there will
be relationships between two figures. For instance, the highest-power steam turbine may
not operate at the highest pressure used for steam turbines but may well have the largest
low-pressure flow volume. Use numbered references to footnotes to identify your sources.



Table P1.1.

Axial

Steam Boiler-feed COMPressor.

turbine in pump in Gas expander  Compressor any duty
Give the maximum generating generating in gas-turbine  in gas-turbine  per single
known value of station station engine engine casing
Power 1S 07{0?3@ 50 @ 340@) 200 290
(MW)
Pressure 25 @ 3% Y 4.0 4
Temperature ISR 40 1550 s )
(deg C) 75

c . 785G
Pressure ratio 900 00O NG )
(max/min) . 2.0 2.6 36
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(m-/s) e 550 77000
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Problem 1.1, notes for table

a. The largest steam-turbine generating units are at least 1500 MW, possibly 1750 MW. Until the cnergy
“crises” of the 1970s, unit sizes of steam turbines were steadily increasing. The sharply increased energy
price reduced demand, and many units on order were canceled. In the mid-1980s combined cycles became
popular (gas turbines supplying the exhaust heat to steam generators feeding steam turbines). and these
have become preferred over “straight” steam-turbine power plants. Large combined-cycle units are produc-
ing over 400 MW in the late 1990s, with efficiencies approaching 60 percent (sec chapter 3).

b. The highest compressor pressure ratio I know of is 75:1, in the Brown-Boveri L-GT 10/13 used in an

compressed-air storage plant. The air mass flow is 410 kg/s, giving a low-pressure flow volume of about

400 cu my/s. It is an axjal-radial compressor of 25 stages. The turbine-expander exhaust volume at 400° C

or above would be approximately 760 cu m/s; the turbine has eleven stages. The highest pressure ratio for
a gas-turbine engine is probably 40.5 for the GE-36.

c. The highest turbine-inlet temperature for an operating (rather than a research) engine is about 1825 K,
possibly higher, for military jets. This gives a temperature ratio with the compressor-inlet temperature,
when operating at altitudg approaching 7:1.

d. The highest compressor efficiency, polytropic total-to-static to the diffuser outlet, a low-blade-speed
24-stage axial compressor of 4:1 pressure ratio for the BTH gas turbine in the Shell tanker “Auris”, was
stated to be almost 0.94 by the designer, C. L. G. Worn. However, in published records 1 have not been able
to find confirmation of an efficiency higher than 0.91. I believe that modifications were made after these
publications were produced.

e. Axial-flow turbines should be capable of reaching levels of efficiency at least equal to those of axial
compressors of the same size and pressure ratio. However, I cannot quote cases to verify this assumption.

f. Some of the largest gas-moving turbomachines are for research wind tunncls. The large-scale wind
tunnel at Moffet Field, NASA-Ames Research Center with a 24.4m by 36.6m section has six single-stage
axial fans each of 12.2-m diameter, each driven by a 17-MW electric motor at 180 RPM.

g. Parsons designed and built some axial-flow corpressors with as many as 31 stages (see the historical
chapter)

h. The highest rating for a Pelton turbine is 1400 MW, a Sulzer-Escher-Wyss unit for Colombia.

j. The highest head used for a Francis turbine is 734 m. These are Sulzer 180-MW units for the Hausling
power station in Austria. The highest power rating of a Francis turbine is 1000 MW

For comparison of sizes, the world’s biggest Diesel engine is the Sulzer 12RTA4, 42 MW, twelve-cylinder
two-stroke running at 95 RPM, weighing 1750 tonnes. The smallest Diesel engines are for model aircraft,

and give outpats of under 100 W.

Alnotherwmpaﬁsonoutsidemesoopeofﬂwbookisthehrg&wnuolhble-pitchpmpeﬂér, with a power
rating of 20.5 MW (Sulzer).

@ Doax b3disn  Mowchi® 1997



Problem 1.2 Gas-turbine engines have not reached the power-output levels of the largest
steam turbines. Why?

Gas turbines are increasing in output, but the largest (at under 300 MW) is still small compared wuh the
largest steam turbines at over 1500 MW. Gas turbines may reach 1500 MW, especially in combined-cycle
form. However, the trend at the end of the 1990s is towards more-distributed power rather than fewer very
large generating stations. Two reasons for this trend arc the result of gas-turbine characteristics. One is
that high efficiencies can be produced by relatively small gas turbines, whercas only the largest steam plants
can incorporate all the devices and processes needed to attain high efficiencies. A second reason is that gas
turbines require far fewer supervisory personnel than do steam turbines: gas turbines can even run
unattended for long periods. The large quantities of natural gas currently available, and the consequent low
prices, have greatly helped the conversion of much electrical generation to gas-turbine or combined-cycle
systems.

Problem 1.3 Estimate the design power output of the smallest gas-turbine engine
produced in the last decade. Why aren’t smaller engines made?

There are very small model-aircraft jet engines made, but these are not, perhaps, in the spirit of the
question. Small shaft-power gas turbines are in the 20-30-kW range (Solar T-206, 21 kW, or Capstone, a
recuperated engine with rotating parts from turbochargers, at 24 kW). The component and overall efficien-
cies worsen as engines are made smaller, because of increased relative tip clearances, of lower Reynolds
numbers, of increased relative roughness, and of the impracticality of providing blade cooling for very small
blades. At some power level it is more attractive or more cost-effective (o use piston engines even for appli-
cations that might seem to be suited for gas turbines.

Problem 1.4 Give your opinion of the two most-promising new applications for gas-turbine
engines in the next twenty years, and give reasons for your opinion.

Crystal balls are unreliable. I believe that gas-turbine engines have sufficient advantages over Diesel
engines for trucks and buses that they are likely to be used in these applications. Nowadays, many, perhaps
most, transitions of this scope are driven by government regulations or taxcs, and thesc could produce a
significant incentive. The same is true to a lesser extent for privatc automobiles, the engines of which have
been dominated by the requirements of regulation for twenty-five years.

Problem 1.5 Why is the maximum temperature of steam turbines so much lower than the
current turbine-inlet temperature of gas-turbine engines?

Steam-turbinc maximum temperatures are limited at present by the corrosive nature of high-temperature
steam on superheater tubes. The limit is presently about 566° C, and there is no immediate prospect that I
know of (given the increasing prices of high-chromium-cobalt-nickel steels) for this “limit” to be exceeded.
The efficiency of steam plants has been decreasing in recent years because of the energy requirements
imposed by environmental-pollution limits. Improved methods of removing sulfur should reduce energy
costs and allow the thermal efficiency to rise slightly again, but there seems little prospect of steam-plant
efficiencies reaching 50 percent while remaining economically competitive.

Problem 1.6 What do you think are the two principal problems preventing gas-turbme
engines from having a much wider application?

Up to close to the present time, gas-turbine engines have poorer design-point and much poorer off-design-
point efficiencies than Diesel engines, while usually costing more per kilowatt of design power. The situa-
tion is changing: simple-cycle engines can have thermal efficiencies of 40%, similar to that of large
Diesels, and regenerative engines can have a considerably higher efliciency. If ceramic regenerators and
ceramic turbines are developed to be reliable low-cost components, two substantial blocks to the greater use
of gas turbines would be removed.

Problem 1.7 Do you think that gas-turbine engines will be used in outboard motor boats
by 2010? Why, or why not?

It is most unlikely. Although the higher power levels used in outboard “motors™ (strictly they are not
“motors” but “engines™) are in the range where gas-turbine engines can be competitive (particularly where



lightness and compactness are important, as in this application) the salt-spray environmnent near the air
intake in seagoing boats is hostile to turbine-engine survival. An inboard location where the air intake can
be situated as remote from spray as possible is much more favorable.

Problem 1.8 For which of the applications in the list below do you think that the
gas-turbine engine, as a prime mover, would be:

a. suitable now, and, if so, how would it be used, or in what form?

b. suitable after certain developments have been successfully completed, and if so,
which?

c. Unsuitable, and if so, why?

(The list is not repeated here).

When ceramics are developed to enable reliable high-temperature regenerators and turbines to be incorpo-
rated, gas turbines should be suitable for highway trucks, city buses, long-distance interurban buses, and
automobiles. The automobile application is the least likely of these becausc of the huge changeover costs,
but much, pro and con, depend on governmental regulation.

Governmental regulation also seems likely to play an increasing role in the pollution from motorcycles,
snowmobiles, and lawn mowers. The uncontrolled level of emissions is very high. Gas-turbine engines arc
possible for all three applications, although they would suffer from the effects of small size (as do piston
engines) and any applications would be near the limit of what would be possible. They would be likely to be
low-pressure-ratio regenerative cycles. The exploitation of geothermal energy and sea-water thermal gradi-
ent with depth are unlikely to use Brayton cycles becausc the temperature differences are too small to give
good measurable efficiencies. Solar energy, where mirrors are used to concentrate the radiation on to a
target, and nuclear energy from high-temperature reactions are suitable applications for gas-turbine
engines.

Problem 1.9 Discuss any present applications of, and future prospects for, vapor-cycle
engines using fluids other than water. ,

Vapor-cycle engines have been frequently proposed as “bottoming” (heat-rejection) cycles for other heat
engines (in the way that steam cycles act as bottoming cycles for gas-turbinc engines in combined-cycle
plants.) ThermoElectron of Waltham MA built and sold vapor-cycle engincs for the exhaust systems of
Diesel trucks. (These lost their economic worth when price of fuel dropped after the so-called “energy
crises” of the 1970s and 1980s.) A major proposal was the Ocean Thermal Energy Cycle (OTEC) in which
a fluid, probably ammonia, would be boiled by the warm surface waters of the Gulf of Mexico (for
example), the vapor would be expanded through a large single-stage axial turbine, and the exhaust vapor
would be condensed by heat exchange with deeper cooler water. This cycle also fell victim to low energy
prices.

@ DRI M\ Nawc~ 18 1998



2.1 Does the stagnation temperature of the working fluid risc or fall in passing through a
gas-turbinc expander? Why?

The stagnation temperature falls. The steady-flow energy equation is:

QL+ "\lv'z\;\Qex‘Nw = Az.(él'\e)-f- A?(ﬁ’@%\

The flow is normally adiabatic, and A%? ) is negligible compared with other changes
in a gaseous flow. -

Therefore, for positive work, Al o must be negative, an~d O To

@ Daude u-(LLo«, Mac i G 199§



7. 2. Does the temperature of the water rise or fall in passing through a water turbine? Why?
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QZ) 2Z.3. By how much, and in which direction, does the temperature of water change when it falls
over a waterfall 50, m high? What is the mechanism for this change?

G“"‘f’-‘a LUV, . S&dﬁ—d-la.nmw
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2 4. Sketch in your qualitative estimates of the variation of stagnation and static enthalpy and
pressure through the intercooled compressor shown in figure P2.4. Some end points are
shown. (Four lines are required.)
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2.5. For the subsonic axial-flow air expander specified, calculate the stagnation and static pressures
and temperatures and the Mach number at the rotor-inlet plane (figure P2.5). Also find the
rotor rotational speed and the nozzle-inlet blade height for constant-outer-diameter blading.
Sketch the form of the complete turbine expansion on an enthalpy-entropy chart. The axial
velocity will be constant at this design point.

Mass flow, m = 2 kg/s

Nozzle-inlet stagnation temperature, 7,,; = 400 °C.

Absolute nozzle-inlet stagnation pressure, Po.ai = 3 bars(=3 x 10° N/m?)
Mean diameter, d,, = 0.25 m.

Blade height at rotor entry, / = 0.1d,, (= 1/2(d; —d})).

Flow angle at nozzle exit, @, = 70° to axial direction.

Drop in stagnation pressure in nozzle, Apo = 0.05 bar

Rotor peripheral speed at mean diameter, u,, = 0.5x (component of nozzle outlet

VClOCit)', GCo.1).
® ® @ ® ®
dgn |
e
e \'
A\
Figure P2.5
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P2:5conk. (2)
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Nozzle-ext [Sod pressare | bars 2.95 2.9%
. w sebe o . 2.e2 2.617
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A= 0-225m
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Anrulus area, Aay 7 15[?-2752—0-2251 = 0-01963 m?
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P2:S.onk. (3
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PROBLEN 2.5 (p.5, added 1989)

An alternative zethod of solution for the flow velocity (C,) using the following curves,
introduced in a later version of the text, is as follows.

At nozzle exit, R | 2 2e%.&33 - O 44306

Aps 0.0063 6,295, 10°
. C lA’ZO
Guessing (Cp/R) = 3.7} one can read M, = 0418 approx. from figure "2.9" (nev text). In fiqure
L L]
2100 fg. RTe) = O424 L Cy= 2123 m/g

Andiher' iteration on (Cp/R) and some larger-scale graphs would give a more-accurate solution. But
the iterative method given-on p.3 is obvious.

David Gordon Wilson, Cambridge, MA Jume 1989

Q.7
(Cy/R) f—% Cuye G, 3076
—— | =io0gms
/——'\\ 3 S
06 AN G = 39-TS s
‘ L= ,"75
05 o-ns
-2 "_ '
[<-]
p—
E ;0.4 G [' M2 J‘@"ﬁ —{N= 6ok 29°1F
= 2 P 13 Advr o 428 ,2.7C
= L-4 p'l’ [' z;]l g\}—-i) 4 ‘z
— =7, o w
Q: l —
0.2
0.
1
o]
Q 02 oX} Qs Q8 1.0 2 1.4

MACH NUMBER
Figure 2.9 Universal flow-function plot.
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2.6. Complete the table of efficiencies, table P2.6, for the turbine expander of problem 2.5. for
inlet conditions 1,500 K and 8 x 10° N/m?. The turbine stagnation enthalpy drop is twice
the mean blade speed squared (Ahg = 2u2) and the mean blade speed is 500 m/s. The flow
velocity at rotor exit is axial and is 0.728 of the mean blade speed, and it is reduced by 50
percent in the diffuser. The rise in static pressure in the diffuser is 75 percent of the value it
would have if the diffuser flow were isentropic. Also calculate the power, in kW, delivered
by the blading. (Do not count the “external” losses—bearing friction and so forth—here or
in the efficiencies.) The inlet conditions to be used for the efficiencies are the stagnation
conditions at plane N.

Table P2.6
Outlet  plane
Efficiency 2 3
Ns.oe 0.95 ©-929 _
Ns.1ts Q.84¢ O.%L ZESUL\ g
* ____—____—-——'
Np.u 6y 0-9ie
Np.1s 0-8\F ©0.834 =~
CALC ULATIONS
(See S5 P2.5) (Alo sea h-s chast ux resporse I8 P2S)
Guoen To ~ = IS0k
Pon = 8.10% N/m?
dm = O02Sm
A~ = s0 rv\[s
Cx = O 7WUm = 3694 m /g
Terperaiiing duop

Ohox hoy-hoy = 2un?
%°"3“°’4°~ ?WSWM@,
(O Should be wiad hare. i ol usidg masn specyie
holi moy be at acuiml, and. walde, tan
T-Tor = 2awr /S Gaayy G = (040 J/19°k
_ = 480777°k .
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2.7. Given that an axial-compressor stage is a row of rotor blades which act as diffusers, followed
by a row of stator blades which also act as diffusers, explain (from first-law and second-law
considerations) why a high Mach number is necessary if the compressor is to give a high
pressure ratio.
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2Z.8. Calculate the isentropic stagnation-to-static internal efficiency of an intercooled air compressor
(rather similar to that shown in problem 2.4) from inlet flange to outlet flange. Comment on
your findings. SupppGse that instead of the actual arrangement shown, two centrifugal stages
are used, one upstream and one downstream of the intercooler. Each stage has a stagnation-
to-stagnation flange-to-flange pressure ratio of 4 : 1, and each has a stagnation-to-stagnation
polytropic efficiency of 88 percent for the same planes (1 to 2 and 3 to 4). The mean velocity
at the outlet flange of each stage is 30 m/s. The intercooler has a stagnation-pressure loss
of 6 percent of the stagnation pressure of the flow entering it, and it lowers the stagnation
temperature to 1.03 times the ﬁrst~stage-iqlgt stagnation temperature of 305 K.-Use a constant
value of y = 1.4. Draw a temperature-engopy diagram.
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2.9. Using figure P2.9, calculate the rotor rotational speed. the static temperature and pressure at
nozzle exit. and the (absolute) Mach number at that point, of a radial-inward-flow turbine
expander of nozzle-outlet diameter (surface 1) of 250 mm. As an approximation, take this
as the rotor-inlet diameter also. The nozzle-exit direction of the flow is 75 degrees from the
radial direction, and the axial height of the blade passage is 10 percent of the rotor diameter.
The turbine nozzles are supplied with 2 kg/s of air at 2 bars stagnation pressure and 125 *C
stagnation temperature. The rotor peripheral speed is 90 percent of the tangential velocity of
the air at nozzle exit. The stagnation-pressure losses of the flow through the nozzles are small
enough to be neglected. Sketch the nozzle expansion on a temperature-entropy diagram.
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2 10. Draw lines approximating the changes of stagnation and static enthalpy and pressure through
the compressor test rig shown diagrammatically below (figure P2.10). The centrifugal com-
pressor is driven by a motor and by the energy-recovery turbine, which expands the flow

back to atmospheric pressure (as static pressure). A throttle valve is used to produce different
back pressures on the compressor.

Nozzles .
Partly closed valve ! Turbine
Diffuser j /

—_— / Diffuser
. ' Electric motor

Compressor

Figure P2.10. Stagnation and static pressure and enthalpy through a compressor test rig
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2 .11. Figure P2.11 shows a block diagram of the compressor test rig of problem 2.10. Your task is
to draw control volumes around each of the three components, and then one around the three
as an assembly, excluding the motor. Calculate and discuss the external energy flows and
changes of enthalpy using the steady-flow energy equation. Do this for two different cases.
In the first case, the throttle valve is wide open, so that there is no loss of stagnation pressure
between the outlet of the compressor diffuser and the inlet of the turbine bell mouth. In the
second case, the throttle reduces the turbine expansion ratio from 10 to 5 to 1.

In both cases the compressor takes in 25 kg/s of air at 288 K and compresses it through
a stagnation-to-static pressure ratio (to diffuser exit) of 10 : 1 and a polytropic efficiency
(same conditions) of 0.80. The turbine takes the flow from the throttle valve and expands
it to atmospheric pressure with a stagnation-to-static polytropic efficiency of 0.90. A mean
specific heat of 1020 J/(kg - K) and a gas constant of 286.96 J/(kg - K) may be used throughout.
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Figure P2.11. Block diagram of compressor test rig
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