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PART |

TEXT A: Fluid Properties and the Continuum.

Tepmunsl, cioBa u cjaoBocoyeTaHusi K TekcTty A. /CrnoBa pgaHel B TOU

IoCJICA0BaTCIIbHOCTHU, B KaKOW OHU BCTPCYAIOTCA B TEKCTE/.

1. motion - TIBUKECHUE
to collide — crankuBaTbCs

history - UCTOPHS, HU3MEHEHHUE II0
BPEMEHU

property —  CBOWCTBO
2. quantity — KOJIMYECTBO, BEJIIMYMHA

regardless of —He3aBrcHMO OT
per unit area — Ha e1.IIOMIAN
to result from — mosy4arbcst B pe3ysibraTe .-
.
average — cpeHss
impact — ynap
discontinuous-uepaBHOMEPHBIH,
MIPEPBIBUCTHIN
reproducible -  Bocnpou3BoAUMBIi
mean free — cpeauss aMHa
path — mytu mpoGera
order of magnitude — moOpsIOK BETUYMHBI
smallest significant length — nHammenbmas
3HAYAIIast JJTHHA
under  consideration in
paccMaTpruBaeMbId
lower bound — HrKHSSA TpaHuUIia, IPEaCI
continuum — cruromHas cpeaa
continuous — HeNPEPBIBHBIH, CIUIOIIHOM
3. behavior — noBenenwue, xapakTepucTruka
to treat — paccmarpuBaTh
4. density per unit volume — mioTHOCTH Ha
en.o0bemMa
specific volume — yaenbHbIN 00beM
reciprocal — oOpaTHbIi
specific gravity (weight) — ynenbHbIii Bec
ratio — oTHoOIIICHHE

question  —

5. adjacent - COCEIHUH,
IPUMBIKAFO AN
average translational  kinetic

energy — cpemHss KHHETHYecKas

SHEPIHS MOCTYMATEIIEHOTO JBHKEHUS
equality — paBeHCTBO

6. species — Bu1, poJi, pa3HOBHIHOCTD

7. to interrelate — B3auMOCBS3BIBATh

8. fluid properties — cBoiicTBa motoka

KHUIKOCTH

9.domain — o0nacThb

10. surroundings — okpyx.cpeaa



1. JlaiiTe mepeBOJ CHEAYIOUIMX CYIIECTBUTEIBHBIX, OCHOBBIBAsCh Ha
3HAYEHUAX IJ1aroJioB:

to collide — collision to continue — continuum
to measure — measurement to determine — determination
to reduce — reduction to interrelate — interrelation

to relate - relation

2. IlpouunTaiite TEKCT, HAWIUTE B TEKCTE OIPEIACIICHUS TaKUX MOHATHI
Kak: ‘“‘CBOMCTBO”, ‘“maBiieHME”, “CpedHsis JJIMHA IyTH CBOOOJHOrO Mmpoodera
/MOJIeKyJIbl/”.

3. [lepeBenure Tekct, oOpaniasi BHUMaHHE HA :
a) mnepeBoJl MHOUHUTHUBA B Haudane mnpemnoxeHus (1-piii a63.); 0) mepeBoa
NPUYACTUS C MPEIIIECCTBYIOMIMM COI30M (2-0i1 a03.); B) 3HaA4YCHUsI COIO30B “as”,
“since” — T.K., OCKOJIbKY.

TEXT A: FLUID PROPERTIES AND THE CONTINUUM

1. To understand matter it is necessary to consider its molecules, which are
in constant motion, colliding and rebounding not unlike billiard balls. To describe
matter the history of each molecule must be known. This requires knowing each
molecule’s velocity and acceleration which is quite impossible except statistically.
In engineering applications, however, we are interested only in the manifestations
of the molecular motion, i.e., what can be sensed and expressed in measurable
terms? The answer is properties.

2. A property (an observable quantity) always has the same value when
measured under the same conditions, regardless of how those conditions were
reached. Consider a small closed container of gas. What happens as the number
of molecules is reduced? The force per unit area on the wall of the container
resulting from the collision of molecules, which is the pressure “p”, is decreased,
since pressure is the effect of the average force resulting from repeated impacts of
the molecules on the wall. There is a point, however, below which a reduction in
one molecule produces a pressure which is discontinuous; hence, it is not
reproducible when brought to the same conditions, and therefore it is not a property.
This occurs when the mean free path of the molecules, the average distance traveled
by the molecules between collisions, is of the same order of magnitude as the
smallest significant length (the side of the container in the case under
consideration). This point where behavior changes determines the lower bound of
the continuum. The continuum results from a continuous distribution of matter.



3. A property has meaning only in a continuum. Noncontinuum behavior
IS treated in statistical mechanics and the kinetic theory of gases.

4. The property density “p” is defined as the mass per unit volume. Specific
volume “v” is the reciprocal of density; that is, v=I/p. Specific gravity “S” is the
ratio of the density of a substance to that of pure water at 4°C and 76 cm Hg.

5. Temperature “T” is a property which enables us to determine whether two
bodies or two adjacent fluid elements are in thermal equilibrium. It is a measure
of the average translational kinetic energy of the molecules. We use the terms “hot”
and “cold” in reference to high and low temperatures. Although temperature
is a familiar property, it is difficult to define because the definition must be indirect,
through the concept of equality of temperature.

6. The property concentration “w” is of value when dealing with mixtures,
such as dye in water or lemon in iced tea. In a diffusing mixture, the mass of
individual species per unit volume, mass concentration, may be significant as in the
example of having enough sugar in one’s coffee.

7. Properties are interrelated. For example, water and sulforic acid, initially
at the same temperature, will rise in temperature when they are mixed. The amount
of temperature rise depends on the concentration.

8. The interrelation of fluid properties is in the domain of thermodynamics.
During the conversion of energy within the fluid or between the fluid
and its surroundings, the condition and motion of the fluid are affected. An equation
of state relates the properties of the fluid as it undergoes a change. Fortunately,
for most substances of engineering interest, the equation of state has a simple
mathematical form.

TEXT B: MEDIA
TepMuHoIOTHSA, CII0BA U CIIOBOCOYETAHUS

solid — TBepo€ Ten0 to conform — cooTBeTcTBOBATH
fluid — skuakocTs (KMIKas WM Ta3000pa3Has to compress — cKkuMaTh

cpena) compressible — c:xumaembirii
liquid — sxuaKOCTD Incompressible — Hec:xuMaeMblit

to subject — moxBeprathb

shearing stress — kacarejabHOE HAIIPSKEHUE
mode — pexum, crocoo

medium — cpena (m.4. media)

substance — BemectBo

shape — popma



1. IlepeBenute TEKCT, oOpaiiass BHUMAHME Ha MACCHBHYK) KOHCTPYKIIUIO
¢ rmarosamu “to affect”. The transfer processes are affected by the medium... -
Ha nipouieccesl nepenoca BIMSET cpena. ..

2. O6parure BHUMaHue Ha omnpenaenacHus cioB “solid” u “fluid”; oObscHuTE
pasuuiy mexay ciaoBamu “fluid” u “liquid”. CpaBuute ompenencHHs, B3STbIC
U3 TEKCTa, U OINpeaeecHus, B3aThic u3 cioBaps Xopuou. SOLID — a firm substance;
not liquid or a gas. FLUID - able to flow easily, like water or a gas, not solid, as
fluid substances. LIQUID — a substance that is neither a solid nor a gas, e.g. Air is a
fluid but not a liquid. Water is both a fluid and liquid.

TEXT B: MEDIA

1. All matter is made up of solid, liquid, or gas or a combination of them.
Since the transfer processes are affected by the medium in which the changes occur,
it is imperative to understand the characteristics of each state.

2. A solid is generally thought of as a substance which offers resistance
to change of shape (deformation), whereas, a fluid will deform continuously when
subjected to a shearing stress, no matter how small. The mode of resistance
distinguishes between a solid and a fluid.

3. A fluid may be either liquid or gas or a combination of the two. Fluids
conform to the shape of their container. A liquid has a free surface, but a gas fills
the entire container and has no free surface.

4. We readily think of water and air as fluids, but many other substances
which behave quite differently are also fluids, e.g. asphalt, glass. Blood is a fluid
whose behavior varies widely, depending upon its content of hemocytes (blood
cells), sugar, and plasma.

5. Fluids whose density changes are insignificant in a given process are said
to be incompressible. Under normal conditions liquids are considered
incompressible: gases and vapors may be compressible since their density may
change considerably.



TEXT C: UNITS AND DIMENSIONS

1. IlpoumTaiiTe TEKCT O€3 CIOBapPS:
a) oOpaTHTe BHUMaHUE HA pa3jiMuue MOHATHH “dimensions” u “unit”; 0) cpaBHHTE
METPUYECKUE M aHTJIUMHCKUE SIMHUIIBI MEP JUIUHBI.

TEXT C: UNITS AND DIMENSIONS

A set of basic entities expressing our observations of the magnitudes of
certain quantities is known as a dimension. Many units can be used to describe a
dimension. For example, 36 inches = 3 feet = 1 yard = 91.44 centimeters.

Inches, feet, yard, and centimeters are units, but they all represent a measure
of length — dimension. In transport processes the basic dimensions are defined
to be force “F”, length “L”, time “T”, temperature “Q”, and mass “M”.

PART II.
TEXT A. Fundamentals of Transport Phenomena

TepMuHBI, CI0Ba U CIIOBOCOYETAHHSI K TEKCTY A
4. stress — HanpsiKEHUE

1. to yield — nmpousBoNTh, 1aBaTh strain — nedopmarius
accurate — TouHbIN specification — onpenenenue

2. discrete — nUCKpETHBIN, OTACIBHBIN 5. ordered set of three quantities —
particle — yactuna YIOPSIOYCHHBIC MHOXECTBa M3 3-X
to be advantageous — naBatp npenMylIecTBa BEJIMYHH
e.g. — HampuMep magnitude — BennunHa

rather than — a ue to constitute - cocTaBnATh

3. in terms of — yepes, B equHUIIAX

1. TlpouuTaiiTe TEKCT U AalTE OTBETHI Ha CJICAYIOIINE BOMIPOCHI:

1. How does the author explain the difference between lagrangian and eulerian
method of analysis? 2. What examples of fields are given in this text? 3. What

definitions of such quantities as “scalar”, “vector” and “tensor” are given in this
text?


Ксюша
Выделение


2. U3 mpuBeACHHBIX HWXKE 3HaueHWi riaroya to involve BeiOeputTe Hamboiee
MIOJIXOJIAITIIEE TSl JTAHHOTO TEKCTa.

1. BkIrOYaTh B ceOs; 3aKiouyaTh; COJEPKaTh, MOJApa3ymMeBaTh, MpEAIoiararb. 2.
BJeYb 3a co0O0#; BBI3BIBATH, MNPHUBOJUTH K U.JI. 3. BOBJCKATh;, BIYTHIBAaTh,
3aITyThIBATb.

4. orpy’kaThCsi BO YTO-TM00. 5. OKYTHIBATb.

TEXT A: FUNDAMENTALS OF TRANSPORT PHENOMENA

1. We can study transport phenomena from two viewpoints, lagrangian
or eulerian, and it is important to adopt the one which will yield accurate answers
to our physical problems in the most straightforward manner.

2. In elementary solid mechanics the lagrangian method of analysis is used.
It describes the behavior of discrete particles, or point masses, as they move in
space. Fundamental laws, such as Newton’s second law, apply directly to the
discrete masses under consideration. The same viewpoint can also be used to study
transport phenomena, but consider the complexity of describing the behavior of a
particle of fluid as it flows through a region in space. Not only is it difficult to
follow, but its shape may change continuously. Therefore, it is more advantageous
to describe what happens at a fixed point or in a fixed region in space. This method,
the eulerian method, allows us to observe phenomena at points of interest rather
than trying to follow a particle throughout a region in space, e.g., the temperature
at the nose of a rocket, the pressure at an elbow in a water main, the velocity at the
tip of a compressor blade. The eulerian method is used primarily here, but
whenever results are easier to obtain by the lagrangian method, we shall use the
latter.

FIELDS
3. A field is a region where things happen — observable things. We describe
a thermal field in terms of temperatures at various locations, an electrical field
by point potentials, and a fluid field by velocities at different points. An acoustic
field produced, say, by a band playing music may cause interactions in the form of
dancing. We are a product of our environment, interacting with fields about us.

4. It is possible, that several fields coexist in any given region. An airliner
responds to the thrust of its jets (force field), required to overcome the effects
of its gravitational field, while perturbing the ocean of air (aerodynamic field)
through which it moves, at the same time being affected very slightly by the polar
magnetic field. Interacting fluid, electric, magnetic, and thermal fields influence
plasmas. While it is important to be able to predict phenomena resulting from
interactions, it is necessary to segregate fields in order to understand their behavior.


Ксюша
Выделение


5. In studying fields we encounter three types of quantities: scalars, vectors,
and tensors. A tensor is an ordered set of n quantities, say (M1, My, ..., My). A
second-order tensor involves nine components and arises in fields in such quantities
as stress and strain. The components are represented by scalars, which require only
the specification of magnitude for a complete description.

6. Many other physical phenomena, e.g., force, velocity, and acceleration,
occur in ordered sets of three quantities. These phenomena can be represented by a
first order tensor, commonly called a vector. A vector is designated mathematically
as V =V (x,y,z,t) as in case of velocity, or by the use of three scalar components
each of which represents its magnitude in one of three orthogonal directions:
Vy = f1(X,y,z,1) Vy = fo(x,y,z,1) V, =1f3(x,y,z,t)
Thus a vector possesses both magnitude and direction. Such quantities as temperature,
concentration, volume, mass, and energy are scalars. Scalars are zero-order tensors.

7. A continuous distribution of these quantities — scalars, vectors, and tensors —
described in terms of space coordinates and time constitutes a field.

TEXT B: TRANSFER PHENOMENA
TepMuHBI, €10Ba U CIIOBOCOYETAHUS

1. to transfer — nepenaBath, MEPEHOCUTH, TIEPEMEINATh, TPAHCIIOPTHUPOBATH
equilibrium — paBHOBecue
rate — ckopocTh, CTEIICHb, PACXO]I, TPOU3BOAUTEIIBHOCTD
2. to happen - ciyuartbes
throughout — moecrony
similar — moxoOHbI
amount — KoIM4ecTBO
efflux — ucreuenue, peakTBHAsS CTPYSI, BHIXJION
dye — kpacka
3. simultaneously - ogHOBpeMeHHO
flux — moTok, pacxoJ1, MacCCOBBII pacxo
to interfere — mpensTCTBOBATH, MEIIATH
coolant — oxmaxkaroias cpena, JKUIKOCTh
to couple —cBs3bIBaTh, COCAMHATD
to obey- moguuHATHCS
equation- ypaBHeHHE



|. IIpounTaiiTe TEKCT U JAliT€ OTBETHI HA BOMPOCHI:
1. What characterizes transfer processes?
2. What examples are given by the author to illustrate the processes of mass transfer?

TEXT B: TRANSFER PHENOMENA
1. The transfer process is characterized by the tendency toward equilibrium,
a condition of no change. Common to a transfer process are the transport of some quantity, a
driving force, and the move toward equilibrium. The  characteristics
of the mass of material through which the changes occur affect the rate of transport, and the
geometry of the material affects the direction.

2. Consider what happens when a drop of dye is placed in water. The mass-transfer
process causes the dye to diffuse throughout the water, reaching a state
of equilibrium, which is easily detected visually. We can detect a similar change
by smell when a small amount of perfume is sprayed into a room. The concentration
becomes fainter at a point near the source as the perfume diffuses throughout
the room. Anyone who has picked up a hot poker has felt the effects of heat transfer. The
change in efflux of hot gases from a rocket engine can be noted by the sound. One can even
sense the change by taste, as when a sugar cube dissolves and diffuses in the mouth. Hence,
transfer processors are part of every day experience.

3. In general, transfer processes occur simultaneously, and sometimes
the individual fluxes interfere with one another. Heat and mass transfer occur simultaneously
when a coolant is forced through a hot porous plate. In thermoelectric refrigeration an
electric  potential is used to extract heat from a storage chamber
by causing a thermal potential to develop. In most cases, however, it is possible
to separate the individual phenomena, recognizing that although they are coupled
in fact, they obey common physical laws and can be described by common mathematical
equations.

TEXT C: FLUX DENSITY
|. [IpounTaiite Texcr. Jaiite onpenencaue mousTus “flux”. Kak MOXHO OOBSICHHUTH

pasuuity Mexay noustusymu “flux” u “flow” Ha ocHOBe JaHHOTO TEKCTA.

FLUX DENSITY
Flux F is the transfer rate of some quantity. It may be gallons per minute,
as in the case of fluid flow; Btu per hour, as in heat transfers; or, pounds mass
per hour, as in the diffusion of water vapor. While the flux of a liquid such as water
IS obvious, the flux associated with other transfer phenomena may be elusive
to the inexperienced. The particular flux depends upon the field under consideration. It is




characterized by flow (flux) lines common to the field (streamlines in the case
of fluid flow). Flux is a scalar quantity; flux density is a vector.

CJl0Ba K TEKCTY.
gallon — 3,785
BTU — 6puranckas terioBas equnuia = 0,252 kkan (1054, 5 JIx)
pounds mass per hour — macca B pyHTax B yac
vapor — map
elusive — HeyJIOBUMBIH, YCKOJIb3aFOIINM
stream lines — muHwK, HanIpaBJIeHUs] OOTEKAHUS, INHUH MTOTOKA

PART IlI
TEXT A: NEWTON’S VISCOSITY EQUATION
TepmunoNOTHSA, CIOBA U CIIOBOCOYETAHUS

1. to confine - orpaHnYMBaThH stickiness — KJIeHKOCTh, JINITKOCTh

td/EnhentootionerapamgeH#TeOn g B KERYIE, COM

to assume — npeamnoarath product of — npousBeneHue

solid boundaries — 311. TBep/ible CTEHKH to give rise — BbI3bIBATH

to tend — cTpemuThes Viscous shear — kacaTelbHOE

to adhere — npuunarh, npucTaBaTh HaTPSHKCHHUE

to pour — TUTh, HaJIMBATh molecular force field -

friction — Tpenue MOJICKYJISIPHOE CHJIOBOE I10JIe

to exert a drag— oka3bIBaTh COMPOTHUBIICHUE 5. mass exchange rate — ckopocTb

shear stress — kacaTenpHOE HANPSHKCHUE MaccooOMeHa

layer — croii 6. small bore tube — Tpy6ka masoro

subscript — HuKHMI HHIEKC auaMmeTpa

plane — miockocTh lubricant — cmazounoe macio

nomenclature — TepMHHOJIOTHS fuel oil — xuakoe TommBo

three-dimensional — TpexmepHbIii poise [poiz] — myas/en. BA3KOCTH
2. steady-state conditions— yctaHOBHUBIIIHECS stoke — cTokc/en. KHHEMaTHYECKOM
yCIIOBHUS BSI3KOCTH

born out — 31. moaTBEpKACHHOE conversion — epexoj,

valid — cipaBeIMBBII mpeoOpa3oBaHue

ViSCOSity — BA3KOCTb to facilitate — o6yeruate

relation — otHoIIeHKE 7. in accordance with— B cootBeTcTBIM
3. to vary with — 3aBuceTb OT C

4. in order to — 4TOOBI

|. IIpounTaiiTe TEKCT U JaliT€ OTBETHI HA BOMPOCHI:
1. What example is given by the author at the beginning of the text? 2. How does
the author explain the difference between absolute viscosity and kinematics® viscosity? 3.


Ксюша
Выделение


How do changes in temperature influence the viscosity of gases and liquids?
4. Is the mechanism of momentum exchange the same in liquids and in gases?
5. What units of measurement are used for viscosity?

Il. Haitnure B TekcTe U jaiTe MepeBOJ MPEMIOKEHUNH ¢ aOCOJIOTHBIM MPUYACTHBIM
obopotom (a03.1-4). 2.cimoBa-3amecTHTead  “‘One”...
3. koHcTpyKImu Trna “for + cymr. + uud”. 4. kouctpykuuu “Itis ... which” (a63.4).

TEXT A: NEWTON’S VISCOSITY EQUATION

1. Consider a fluid confined between two parallel plates, the upper one being set in
motion at a velocity U by a force F and the lower one being fixed. Assume that the distance
“h” between the plates is sufficiently small for the fluid particles to move in parallel paths.
From  experience we  have  observed that  fluid particles  adjacent
to solid boundaries tend to adhere to the surface (easily observed when pouring motor oil).
This same property generates an internal friction by adjacent fluid particles exerting a drag
on each other and producing a shear stress 3 yx = F/A between adjacent fluid layers. The

subscripts “yx” indicate that the stress is in plane perpendicular to “y” and parallel to “x”, a
nomenclature which is obviously necessary in three-dimensional systems.

2. Under steady-state conditions Newton observed that the shear stress
Is directly proportional to the velocity gradient.

His observation, repeatedly borne out by subsequent investigators, is equally valid
at any position; i.e., ( ) where “u” is the fluid velocity in the “x” direction and
“ :* is the absolute viscosity. This empirical relation, known as Newton’s equation
of viscosity, defines absolute, or dynamic, viscosity “: “. It is sometimes more advantageous
to define kinematics’ viscosity.

3. The viscosity of fluids varies with temperature and pressure being much more
sensitive to temperature than pressure. Changes in temperature cause opposite variations in
the viscosity of gasses and liquids. An increase in the temperature
of a liquid reduces its viscosity but increases the viscosity of a gas. This is intuitive for
liquids but not apparent for gases.

4. Although values for viscosity are obtained by macroscopic measurements, let us
consider a gas from a microscopic standpoint in order to understand the basic mechanism.
From observations we tend to think of viscosity as a property related
to “stickiness”. Basically, however, it arises because of momentum interchange between
molecules. Molecules are constantly in motion, the motion being more pronounced at higher
temperatures and lower pressures. As the gas moves, slow-moving molecules strike faster-
moving ones, slowing them down. It is this momentum (product of mass and velocity)
interchange which gives rise to viscous shear, a measure of which is viscosity. The
mechanism of momentum exchange in liquids is the same as in gases qualitatively, but the



physical structure is much more complex since the molecules are closer and the molecular
force fields have a greater effect on the momentum exchange in the collision process.

5. By analogy, suppose two trains loaded with coal are running on parallel tracks in the
same direction. If workmen begin throwing coal from the slower train
to the faster one, the train which “catches” the coal is slowed by the increased mass, because
of the momentum component in the direction of motion of the train. Now imagine workmen
on both trains, analogous to molecules in adjacent fluid layers, throwing coal back and forth
from one train to the other. If the train initially has unequal velocities and the mass —
exchange rate is equal for both trains, the faster train is slowed. So it is with the momentum
interchange between fluid layers.

6. Viscosity is often measured by observing the time required for a given amount to
fluild to flow from a short small-bore tube. Viscosities of fuel oils
are measured at 77 and 122°F, of lubricants at 100 and 210°F. Viscosity is often given in
metric units which have special names *“: “: poise =1 g/cm=sec = 100 centipoises, v : stoke
=100 centistokes. The following unites : : 1 (1bs-sec/ft?) = 479 poises, v : 1(ft?/sec) = 30.482
stokes.

7. Fluids which obey equation (2-5) are known as Newtonian fluids. All gases and
most  liquids of engineering importance are  Newtonian. Fluids  which
do not behave in accordance with Eg. (2-5), no Newtonian fluids,
will not be considered in this text.

TEXT B: THE THERMAL CONDUCTIVITY

|. IlpounTaiiTe TekcT 0e3 cioBaps, MEpPECKaXUTE €ro, jaBas MPU ITOM OTBETHI
Ha caenayromque Bompockl: What does the value of the thermal conductivity depend upon?
What does the thermal conductivity vary with? Why does the author say, that the thermal
conductivity is analogous to viscosity? Why are good heat conductors also good electric
conductors?

I1. Mcnionip3yiiTe cieayrome ciaoBa mpu nepeckase:

Value To store Free electron transport
Energy exchange Specific heat Linearly

To impart Lattice vibration Average value

To transport Mass density Specimen

THE THERMAL CONDUCTIVITY
1. The thermal conductivity is analogous to viscosity, since its value depends upon the
energy exchange between molecules in motion. Faster-moving molecules impart some of
their energy to slower-moving ones in the collision process.




An increase in temperature increases molecular motion, transferring energy
from regions of higher temperature to regions of lower temperature. Thermal conductivity
varies  with  temperature and  pressure, being much  more  sensitive
to temperature than pressure. For engineering purposes it is independent of pressure in solids,
liquids, and most gases below the critical pressure.

2. It is frequently convenient to use the ratio of a material’s ability to transport energy to its
capacity to store energy. This is the thermal diffusivity, defined as , x=k/ A ¢ where p is
the mass density of the material and c is is its specific heat.

3. The energy transfer in solids is by lattice vibration and by free-electron transport. Since in
metals, free-electron transport is more prominent than lattice vibration, good heat conductors
are also good electric conductors.

4. For many materials thermal conductivity varies linearly with temperature, i.e., k=K,
(1+aT), where K, is the value at zero temperature and a is a constant which depends upon the
material. For such materials it is convenient to use an average value of thermal conductivity
in making calculations of heat transfer.

5. Thermal conductivity can be measured in a variety of ways, all of which depend upon the
observation of a temperature gradient across a specimen conducting a known amount of heat.

PART IY

TEXT A: HEAT TRANSFER (INTRODUCTORY TEXT)

TCpMI/IHbI, CJIOBa M CJIOBOCOYCTAaHUA

1. whereby — mocpeacrBom yero radiant emission — Temion3ny4eHue
rate of heat transfer - ckopocTh relative motion — oTHOCHTEIIbHOE
TETUIONEepeIaun JIBYDKCHUH
feature — ocoGeHHOCTD 3. to include — Bkirouath B ceds
2. thermal motion — temoBoe ABHKEHHE to employ — ucnosnb3o0BaTh
energy transport — nepeHoc sHepruu Mmastery — coBepIIEHHOE BJIaJICHUE
surrounding  space -  OKpy’Karoliee therefore — moatomy
IPOCTPAHCTBO

|. IIpounTaiiTe TEKCT, HAMAUTE ONpE/ICTCHNS KOHBEKIIUU U TETUIOMU3TYYEHUS.

I. CnenaiiTe muchbMEHHBIN TIEpEBO/I 2-X MOCICAHUX MPEJIOKEHUH BTOPOTO ab3aria.

I1l. BcnomHuTe BO3MOXHBIC 3HaueHHs Iaroja “t0 involve” wu nmailite mepeBon
npuyacTus “involving” (a63.3).



I'Y. U3 npuBeeHHBIX HU)KE 3HAYCHHE ciioBa “technique” (a63.3) BeiOepuTe Hanboee
MOJIXOJAIIEee [UIsl JaHHOTO TEKCTa: TEXHHWKA, COBOKYMHOCTh TEXHHUYECKUX IPUEMOB;
TEXHOJIOTHsI; METOAMKA; METOJ, CITIOCO0, MpoIeaypa.

TEXT A: HEAT TRANSFER (INTRODUCTORY TEXT)

1. The study of heat transfer includes the physical processes whereby thermal energy is
transferred as a result of difference or gradients of  temperature.
The information generally desired is the way in which the rate of heat transfer depends upon
the various features of the process.

2. There are two basically different processes whereby thermal energy
Is transported: conduction and radiation. Energy is conducted through a material
in  which a temperature gradient exists by the thermal motion of various
of the microscopic particles of which the material is composed; energy is diffused through
the material by these thermal motions. Radiation is an energy transport
from material into the surrounding space by electromagnetic waves. Radiant emission is also
due to the thermal motion of microscopic particles but the energy
Is transmitted electromagnetically. If conduction occurs in a fluid in motion,
the diffusion of thermal energy will be affected by the relative motion within
the fluid. Conduction processes affected by relative motion are called convection processes.

3. Since the field of heat transfer includes processes involving thermal diffusion,
electromagnetic radiation, and fluid motion, the study includes theories from many branches
of science and employs many different types of analytic techniques. Therefore the study of
heat transfer requires the mastery of many concepts and methods of analysis.

TEXT B: HEAT CONDUCTION AND THERMAL CONDUCTIVITY
TepMuHBI, cJI0Ba U CIIOBOCOYETAHMS

3. transport property — xapakTepucTUKU

1. rate — ckopocTh, CTeNneHb, BEJIUYHHA,
pacxola, MpoOu3BOAUTCIbHOCTD

directly proportional - PSIMO
IMpONIIOPLHUOHAIBHO

Inversely  proportional -  obGpartHo
MpOIOPHUOHATIBHO

2. thermal conductivity - xoadduiueHt
TCINIOIIPOBOAHOCTH

face — rpanb, cTOpoHa, MIOBEPXHOCTH
unit cube — anemMeHTapHBIH KYO
to maintain — moiepKUBaTh

nepeHoca
wide range — mupoKuii quamna3ox
to encounter — BcTpedars
psia/pound per square inch absolute
— a0coyIoTHOE JaBjeHue B (pyHTax Ha

KB.JIOHUM

ratio — COOTHOIIEHHE, TPOTOPIIHS,
K03 puIeHT

4. negligible - ouenp MabIi,
HE3HAYUTEIbHbBIN


Ксюша
Выделение


5. conduction characteristics - space density— mpocTpaHCTBEHHAs

XapaKTEPUCTUKH TEIUIOTPOBOTHOCTH IUIOTHOCTb
grain — ¢udpa, BOJOKHO 7. diffusion of momentum -
6. prediction — pacueT, IpOrHO3UpOBaHUE paccerBaHKME UMITYJIbCA
random motion — 6ecropsiIoYHOE IBHIKEHUE to store — xpaHuTh, HaKaIUIMBATh
similar — cxoHbli, 1O00HBIH monatomic — 0JHOATOMHBII
net energy — mose3Has  MOIIHOCTD, diatomic — aByxaTOMHBI#

MOIIHOCTH HETTO, 9(1)(1)6KTI/IBH3.$I MOIIHOCTD

|. IlpounTaiiTe TEKCT U OTBETHTE HA CJICAYIOIINE BOIIPOCHI:

1. What does the rate of heat conduction depend upon? 2. What definition of thermal
conductivity is given in this text? 3. In what units is thermal conductivity expressed? 4. How
Is heat conducted in gases?

Il. OGparure BHMMaHuWe Ha IepeBoj npuyacTHoro ob6opora “followed by good
insulators” (3 a03.). IlouemMy HEBO3MOXKEH II€PEBOJ HA PYCCKUH S3BIK IOCPEICTBOM
OTIPEICIIUTEIIBHOTO TPUIACTHOTO 000poTa?

I11. Hamummre pedepat TekcTa.

TEXT B: HEAT CONDUCTION AND THERMAL CONDUCTIVITY

1. The rate of heat conduction through a solid material (of fluid without relative
motion) is proportional to the temperature difference across the material
and to the area perpendicular to heat flow and inversely proportional to the length
of the path of heat flow between the two temperature levels. This dependence
was established by Furier and is analogous to the relation for the conduction
of electricity, called Ohm’s law. The constant of proportionality in Fourier’s
low, denoted by K, is called thermal conductivity and is a property of the conducting
material and of its state.

2. The thermal conductivity is analogous to electric conductivity.
It is equivalent to the rate of heat transfer between opposite faces of a unit cube
of the material which are maintained at temperatures differing by one degree.
In engineering units in the English system, k is pressed in Btu/h ft2 F/ft =Btu/h ft F.
In metric units, k may be expressed as cal/sec cm°C or watts/cm°C.

3. The transport property, thermal conductivity, varies over a wide range
for the various substances commonly encountered. For example, for air at 14,7 psia and 60°F
it is 0,015 and for silver it is 240 in English units. This is a ratio of 1:16000. Gases generally
have the lowest thermal conductivities, followed by good insulators, nonmetallic liquids,
nonmetallic solids, liquid metals, metal alloys, and, finally,
the best conductors, pure metals.



4. Thermal conductivity for a given material depends upon its state and may vary with
temperature, pressure, and ets. For moderate pressure levels the effect
of pressure is small. However for many substances the effect of temperature upon
K is not negligible.

5. Many materials have different conduction characteristics in different directions. For
example, wood and other fibrous materials have higher thermal conductivities parallel to the
grain than perpendicular to it.

6. Theoretical predictions have been made of the value of thermal conductivity for several
types of substances. In gases heat is conducted (i.e. thermal energy
iIs diffused) by the random motion of molecules. Higher-velocity molecules
from higher-temperature regions move about randomly, and some reach regions
of lower temperature. By a similar random process lower-velocity molecules reach higher-
temperature regions. Thereby net energy is exchanged between the two regions. The thermal
conductivity depends upon the space density of molecules, upon their mean free path and
upon the magnitude of the molecular velocities. The net result of these effects for gases
having very simple molecules is a dependence of K upon T where T is the absolute
temperature. This is a result of the kinetic theory of gases.

7. A similar temperature dependence is found for the viscosity of gases.
The viscosity “:” is a measure of the diffusion of momentum. It may be shown that there is a
simple relation between k and : involving the specific heat ¢, and a factor i, where the
value of i depends upon the way in which energy is stored in the gas molecules.

k =ic, where c, is the specific heat at constant volume.

TEXT C: CONVECTION
TepMuHBI, c10Ba U CIIOBOCOYETAHMUS

1. in the absence — nipu oTCyTCTBHUH forced convection — BeIHYXICHHas
2. t0 result — 31. Bo3HHKATh (B pe3y/IbTaTe .- KOHBEKIIUS
71.) to introduce — BbI3BIBATH
to result in — npUBOAUTH K Y.-II. to modify — usmensaThH
resulting — mosyJaroruiics B pe3ysibraTe to aid in - IIOMOI'aTh,
buoyant effect — ap ekt moagpemMHoOMN CHIIBI CII0COOCTBOBATH
buoyancy — noaxbemMHas cuiia displacement -  mepemerienue,
natural  convection -  ecrecTBeHHAas CMEILLIEHHUE
KOHBEKIIUS

|. IIpounraiite Texct. Haitiaute onpeneneHrue BRIHYKISHHOW KOHBEKITUH.
Il. O6patuTe BHMMaHKE Ha mepeBoa codetanus “The natural convection heat transfer

process”.



CONVECTION

Energy is conducted through fluids, as through solids. However the heat transfer
process in the air is not simple conduction. Even in the absence of wind
a flow process results. The buoyant effect in the heated layers of air near the surface causes
them to rise and move away from the surface. These layers are replaced
by cooler air from below and from farther out from the surface. This effect results
in temperature distribution. The resulting heat-transfer process in the outside
air is called natural convection. Convection processes in which the fluid motion
Is induced by heat-transfer are called natural convection.

A wind velocity would further modify the temperature distribution by aiding
in the displacement of the heated air layers by cooler air. The effect of a wind velocity, which
Is imposed upon the natural convection heat-transfer process is called forced convection. For
sufficiently high wind velocities, buoyancy effects would

be negligible, and the process would be pure forced convection.

TEXT D: THERMAL RADIATION AND EMISSIVE POWER

1. to distinguish — 31. oTaMYaTHCSA OT

presence — Hajauyue

intermediate carrier — HOPOMEKYTOUYHBIN
HOCHTEIb

to impede — npensTCTBOBATH, MEIIATH

surroundings — okpyx. cpena
2. to promote - criocoO6CcTBOBATH
means — crmoco0, CPeICTBO
occurrence — ciydai, siBJICHUE
incidence — magenne, HaKJIOH

space between —31. IIpomexyrouHoe particular wavelength -
IMPOCTPAHCTBO OIpCACICHHAs JJIMHA BOJIH
as a consequence- KaK thermal  motion -  TemmoBoe
IHOCJIIE0BATCIBbHOCTD ABHUXKCHHUC
to emit — ucmyckarthb thermal radiation — TeronsnyueHue
energy content — aHeprocoiep>kaHue amenable - IO ITAFOIITHICS,
a quantity - kakoe-TO KOJHYECTBO, MOJYUHSAOLIIUMCS
BeJIMYMHA to be dependent upon — 3aBuceTs OT
microscopic arrangement - 3. relation — 3aBHCHMOCTb, CBS3b,
MHUKPOCKOIMNYECKast CTPYKTypa COOTHOIIIEHUE
rate of emission of energy — ckopocTh incident radiation - magaroree
W3JIyYE€HUS DHEPIUU U3JIyYeHHE

|. IlpounTaiiTe TEKCT, OTBETHTE HA CJIICAYIOIINE BOIPOCHI:
1. What definition of radiation energy-transfer process is given in the text?
2. What are the possible uses of radiant discharge processes?

3. What surface is called “black”?

Il. TlepeBenute crneayrone COYETaHUS CIIOB:


Ксюша
Выделение


1. Radiant energy transfer process
Energy carrying electromagnetic waves
Net energy transfer rate
The temperature and spatial relationships
2. Radiant energy discharge
High energy particles
Heat-transfer phenomena
Radiant exchange process
The rate of thermal energy emission
Energy emission rate

TEXT D: THERMAL RADIATION AND EMISSIVE POWER

1. One of the basic mechanisms by which energy is transferred between regions of
different temperature is called radiation. This mechanism is distinguished from conduction
by the fact that it does not depend upon the presence of intermediate material to act as a
carrier of energy. On the contrary, a radiation transfer process between two regions is usually
impeded by the presence of a material in the space between. The radiation energy-transfer
process is explained as a consequence of energy-carrying electromagnetic waves. These
waves are emitted by atoms and molecules of matter as the result of various changes in their
energy content. The amount and characteristics of the radiant energy emitted by a quantity of
material depends primarily upon the nature of the material, its microscopic arrangement,
and its absolute temperature. The rate of emission of energy is assumed
to be independent of the surroundings. However, the net energy-transfer rate depends upon
the temperature and spatial relationships of the various materials involved
in the radiation-transfer process.

2. A wide variety of radiant energy-discharge processes are known.
The various kinds of discharge are promoted by many means - for example,
by bombardment with high-energy particles by the occurrence of a chemical reaction, by an
electric discharge, or by the incidence of relatively low energy radiation
of particular wave-lengths. One type of discharge process of special interest
in connection with heat-transfer phenomena is that which arises as the result
of the thermal motion of molecules. This type of radiant energy is called thermal radiation.
Thermal radiation iIs composed of waves of many  wave-lengths
and is amenable to relatively simple laws. Many of the radiant-exchange processes
by which appreciable amounts of energy are transferred between surfaces are thermal in
nature.

3. The rate of thermal radiant energy emission by a surface is directly dependent upon its
absolute temperature. The relation between the energy-emission rate and the temperature is
very simple if the surface is “black”. A surface is called “black” if it will absorb all incident
radiation.



PART Y

TEXT A: MOLECULAR MASS TRANSFER

TCpMI/IHBI, CJIOBa " CJIOBOCOYECTAHHUA

1. driving force — nBmwKymas cuia

concentration  gradient -  rpagueHT
KOHIICHTpauu
component of a mixture -

AJIEMEHT/COCTABIISAIOIAS CMECH

mechanism — mexaHu3Mm, amnmapar, KapTHHA,
0COOCHHOCTb, XapaKTep

molecular  diffusion -
nuddy3us

thermal diffusion — Tepmoauddy3us

to arise from — Bo3HUKATh B

to result from — B pe3ynbrare yero-audo

pressure diffusion — 6apoauddysus

by virtue of — 6aromaps

forced diffusion — BBIHYKICHHAsI
nuddy3ust/o0ycaoBIeHHAS BHEITHUMH CHIIaMHU

interface  — BHYTpeHHSS ITOBEPXHOCTb,
MOBEPXHOCTH pazjena
2. mode — Bu, Tui, hopMa, XapakTep, pexKuM,
METO/I, CIT0CO0

To dominate -
TOCIIOJICTBOBATh

MOJIEKYJIIpHast

npeobJ1aiaTh,

3. moisture laden air - cuabHO
YBJIa>KH€HHI)II7I BO3aYyX
subsequent precipitation -

MOCTIEAYIOIIHH, BEINIaJIEHNE/00
aTMoc(epHBIX ocaaKax
to be concerned with -
HUHTEPECOBATHLCS, 3aHUMAThCS U.-]1.
to confront — crankuBaThCs
humidification — yBnaxxuenue
cutting — pe3anue
welding — cBapka
ablation — omnaBnenue
heat shield — teroBoii a3xpan
deaeration — neaepanus
feed water — nurarenpHas Boga
steam boiler — mapoBoii kore

heat treatment - Ttepmuueckas
0o0paboTka

waste treatment - mnepepaboTka
OTXOJIOB
4. eddy current - 3aBuxpeHwue,

BUXPEBOU TOK
non-equilibrium — HepaBHOBECHBII

|. IIlpounTaiite TEKCT, HAUIUTE OTBETHI HA CIETYIONINE BOPOCHI

1. What definition of mass transfer can you give?

2. What mechanisms of mass transfer are mentioned in the text?
3. Can you explain the difference between the words “mechanism” and “mode”?
4. What examples of mass transfer does the author give?

5. Can you add any other examples?

I1. O6patute BHUMaHUE HA TIEPEBO/] CICAYIOIINX CIIOBOCOYCTAHUIA:

Forced convection mass transfer
Interphase mass transfer
Molecular mass transfer
Convective mass transfer
Moisture laden air



TEXT A: MOLECULAR MASS TRANSFER

1. In this chapter another driving force, concentration gradient, is introduced. This
driving force causes the transport of a component of a mixture from a region
of high concentration to a region of low concentration. The transport process
IS known as mass transfer. The mechanisms of mass transfer are varied. They can
be classified into eight types: 1. Molecular (ordinary) diffusion, resulting
form a concentration gradient. 2. Thermal diffusion, arising from a temperature gradient. 3.
Pressure  diffusion, which occurs by virtue of a pressure gradient.
4. Forced diffusion, resulting from external forces other than gravity. 5. Forced-convection
mass transfer. 6. Natural-convection mass transfer. 7. Turbulent mass transfer resulting from
eddy currents in a fluid. 8. Interphase mass transfer occurring by virtue of non-equilibrium at
an interface.

2. These types divide naturally into two distinct modes of transport. The first four are
molecular mass transfer; the last four are convective mass transfer. Although the two modes
often occur simultaneously, one mode usually dominates and we can understand the
mechanisms better by considering them separately.

3. Examples of mass transfer in everyday life are legion: the diffusion of sugar in a cup of
coffee; vaporization of water in a tea-kettle; the movement of moisture-laden air over the
ocean with its subsequent precipitation on dry land; combustion and air-conditioning process,
cloud formation; clothes drying. The chemical engineer is concerned with gas absorption,
separation, crystallization and extraction, the mechanical engineer confronts the mass-
transfer process in humidification, drying, cutting and welding metals, ablation of heat
shields in high-speed flight, deaeration of feed water in steam boilers, and the production and
heat treatment of metals; and civil engineers make use of mass transfer in waste treatment.

TEXT B: THE DIFFUSION MODE
TepMuHBI, €10Ba U CIIOBOCOYETAHHUS.

1. binary mixture — OunapHasi cMech to ignore — HE  Y4YHUTHIBATbH,
inverse - 0OpaTHBIN, oOparHoe npeHedperaTh

SIBJICHHE/TIPOIIECC species — Tumn, BWA, COPT,
other than — momumo, kpome Pa3HOBUIHOCTh, KATErOPHUs, TPyIIa
steady state - spacing — miar, pacCTOSHHE,

YCTaHOBMBIILICECSI/CTAIIMOHAPHOE COCTOSTHHE UHTEPBAJI, TICPUOJ] PEIICTKH, ITapaMeTp
to offset — koMneHCHPOBATH, MEPEKPHIBATH KPUCTAUTNICCKON PEIIeTKH
to be constant with time - ObiTh

INOCTOSAHHBIM I10 BPpCMCHH

|. IIlpounTaiiTe TEKCT, OTBETHTE HA CJICIYIOIINE BOTIPOCHI:



1. What practical application of thermal diffusion is mentioned in this text?
2. What example of forced diffusion does the author give?
3. Why is it possible to say that mass transfer by diffusion is analogous to conduction heat
transfer?
4. Why is diffusion rate faster in gases than in liquids?
Il. Hanumure kpaTkoe copep:kaHue TEKCTa.

TEXT B: THE DIFFUSION MODE

1. This chapter will deal primarily with the molecular (ordinary) diffusion
of binary (two-component) mixtures, typifying the diffusion process and being
the most significant of the types of diffusion.

2. For the case of thermal diffusion in a binary mixture, the molecules
of one component travel toward the hot region while the molecules of the other component
tend to move toward the «cold region. The inverse is the tendency
to generate a thermal gradient with the development of a concentration gradient. Thermal
diffusion has been successfully used in the separation of isotopes.

3. Pressure diffusion results when a pressure gradient exists in a fluid mixture, e.g., in
a closed tube which is rotated about an axis perpendicular to the tube’q axis (centrifuge). The
lighter component tends to move toward the low-pressure region.

4. An external force other than gravity in a mixture when it acts in a different manner on the
different components, results in forced diffusion. The diffusion of ions in an electrolyte in an
electric field is a classic example of forced diffusion.

5. When thermal, pressure, and/or forced diffusion occur, a concentration gradient is
developed, casing ordinary diffusion in the opposite direction. Upon reaching a steady state,
the fluxes from the two (or more types of diffusion) sometimes offset each other, resulting in
properties at a point being constant with time. The effects of thermal, pressure, and forced
diffusion will be ignored in the introductory treatment of this chapter.

6. Mass transfer by diffusion is analogous to conduction heat transfer. Mass
Is transported by the movement of a species in the direction of its decreasing concentration,
analogous to the energy exchange between molecules in the direction of decreasing
temperature in conduction.

7. Ordinary diffusion may occur in gases, liquids or solids. Because
of the molecular spacing the diffusion rate is much faster in gases than in liquids;
it is faster in liquids than in solids.



TEXT C: TYPES OF MOTION

TepMI/IHBI, CJIOBA U CJIOBOCOUYCTAaHMS

1. steady flow — ycTanoBuBIIICECS TCUECHUE

unsteady local acceleration -
HCYCTAaHOBHMBIICCCSA MECCTHOC YCKOPCHHC

time dependent - wu3MeHsOmMICA 11O
BpPEMEHU

2. reference axis — ucxojHas ocb
wake — criyTHas CTpys
to disturb — Bo3mymiaTh MOTOK
finally — B xkoHIIe KOHIIOB
3. uniform flow — paBHOMepHOE TeueHne
non-uniform — HepaBHOMEpHOE
convective acceleration — KOHBEKTHBHOE
YCKOpEHHUE
identical — nneHTHYHBIN, 1010OHBIH
magnitude — BenuunHa
displacement — cmeienue, nepemelneHue,
BBEITECHEHHE
with respect to — uro kacaetcs, 1o
stream line — munus Toka
4. frictionless liquid — HeBsI3kast KUAKOCTD

Cross section — rmomnepevyHoe ceueHne
to curve — uzrubarp
5. to inject — BBOJUTH, BIPBICKUBATH
to feed (fed, fed) — nomBoawTh,
0JaBaTh, BBOANUTH
constant head tank — pesepByap c
MOCTOSIHHBIM HAIrlopoM
distinct -
OITPEICIICHHBIN
relatively — orHocuTeabHO
smoothly — nmnaBHO, pOBHO

OTYECTJIMBBIM,

laminated - CJIOUCTBIH,
JIAMUHAPU3UPOBAHHBIH
6. to break up - pa3buBathcs,
pacopMUPOBHIBATH
upstream — BBepX 0O MOOTOKY,

IPOTHUB MTOTOKA
Prior — npeaBapuTeIbHBIH

|. IIlpounTaiite TEKCT, OTBETHTE HA CJICIYIOIINE BOTIPOCHI:

1. What types of flow are described in the text?

2. What experiment helped Reynolds to observe laminar and turbulent flow?

Il. O6Gpatute BHHUMaHuE Ha (OpPMYy coOcCaraTeIbHOTO HAKJIOHEHUS B TOCJICIHEM
npenioxeHnn 3-ro ab3ama. [lepeBenure npemioxeHue.

I11. [TepeBenuTe mucbMeHHO 6-0¥ a03ar TekcTa. Kakoe 3HaueHue umeet riaros would

B 1-0M mpemioxkeHun 3Toro adzana’?

TEXT C: TYPES OF MOTION

1. Steady and unsteady flow. If the local acceleration is zero, the motion is steady. The
velocity does not change with time, although it may change from point in space. On the other
hand, a flow which is time-dependent is unsteady.

2. Often an unsteady flow can be transformed to steady flow by changing
the reference axis. Consider for example, an airplane moving through the atmosphere at a
constant speed of V,. The fluid velocity at a point (Xo, Yo) is unsteady, being zero before the
plane reaches the point, varying widely as it passes due to he wake



and waves produced by disturbing he air, and finally becoming zero again
as the plane disappears.

3. Uniform and non-uniform flow. If motion is uniform, the convective acceleration is
zero. In uniform flow the velocity wvector is identical, in magnitude
and direction, at every point in the flow field, that is, V/r=0 where
“r’ is a displacement in any direction. This definition does not require
that the velocity itself be constant with respect to time; it requires that any change occur at

every point simultaneously; the streamlines must be straight.

4. A frictionless liquid flowing through a long straight pipe is an example
of uniform flow. Non-uniform flow is typified by the flow of a frictionless liquid through a
pipe of changing cross section or through a pipe which is curved.

5. Laminar and turbulent flow. In 1883, while injecting dyes into flows fed
by constant-head tanks Reynolds observed two distinct types of flow. At relatively low
velocities fluid particles move smoothly, everywhere parallel. Because the fluid moves in a
laminated form, it is termed laminar. For laminar flow the dye moves
in a thin, straight line.

6. At relatively high velocities, Reynolds noted that the dye would abruptly break up,
diffusing throughout the tube. At higher velocities the breaking point moves upstream until it
is finally turbulent throughout. Turbulent flow is always unsteady flow by our prior
definition.

SUPPLEMENTARY TEXTS
FUNDAMENTAL CONCEPTS FROM THERMODYNAMICS

In the transfer processes we seek the relationships between fluxes and field intensities
in terms of field properties, physical properties of the transfer media,
and the dimensions of space and time. Thermodynamics deals with energy quantities which
are transferred during the processes — work and heat. Its principles and laws apply to all
fields of engineering. This chapter sets forth some fundamental concepts necessary for
subsequent  study of the transfer  processes, unifying the  definitions
and symbols of thermodynamics and the rate processes.

In its broadest sense the science of thermodynamics considers thee conversion and
transfer of energy. Classical, or macroscopic, thermodynamics is based upon man’s
observations. Its laws were developed inductively. No observable violations have occurred.
Media are viewer from a continuum standpoint. Probabilistic,
or microscopic, thermodynamics is based upon the interactions of molecules
and the probability of their behaving in accordance with a set of laws which



are identical to those developed in the classical approach. The two approaches
are complementary in that the microscopic viewpoint describes fundamental behavior while
the macroscopic viewpoint guarantees repeatability.

Equilibrium. Thermodynamics is based upon an equilibrium condition or a series
of equilibrium states. Equilibrium is that state which is characterized by no change.
In the preceding chapter we noted that change occurs when the field intensity — any field
intensity — varies throughout a region. Therefore, for equilibrium the intensity
of all fields must be identical; no potential gradient can exist.

System and control volume. A thermodynamic system is a fixed quantity of matter.
It does not vary in mass or identity. Everything outside the system is termed
the surroundings. The system and surroundings are separated by boundaries. Consider, for
example, filling an automobile gasoline tank from a large tank truck. We may define the
system as that amount of gasoline  which  will be  transferred
into the smaller tank.

The thermodynamics problem then becomes that of determining what happens to the
gasoline between the initial equilibrium state and the final equilibrium; it is a “book-keeping
process” of tabulating observable quantities initially and finally.

An alternative method of solving the same problem involves focusing attention on a
fixed region in space, say the automobile tank. The fixed region is the control surface
(analogous to the system boundary) and observing the gasoline as it crosses.

All thermodynamic problems can be solved by using one of these two concepts,
control volume or system. We shall use whichever is more convenient
in any given problem. In some cases it will be more feasible to think in terms
of a deformable control volume, typified by a balloon. At this point the student should
ponder the analogy between the sulerian method of describing field properties and the
thermodynamic concept of the control volume.

PROPRTIES AND STATE OF A SUBSTANCE

A thermodynamic property is any measurement or quantity which serves
to describe a system. Thermodynamic properties are either intensive or extensive. Intensive
properties are independent of mass. Temperature, pressure and density
are intensive properties. Extensive properties vary directly with mass. Mass and total volume
are extensive properties.

A property of a pure, simple, compressive substance can always be defined
in terms of two independent intensive properties. For example, the pressure of a gas can be
expressed in terms of its temperature and specific volume: P = p(T,v) (3-5).
A pure substance is also homogeneous and of fixed chemical composition.




We sometimes speak of air as being pure: however, thermodynamically
it is a mixture of several gases and vapors.

A phase is a quantity of matter which is homogeneous throughout. A substance may
exist in any one or a combination of three phases — solid, liquid and vapor. Two or more
phases may coexist when in a common state, identified by two or more observable properties
such as temperature and pressure. Change of phase and phase equilibrium can be understood
by considering water. At a pressure of 14.7 psia water is a solid (ice) when below 32°F solid,
vapor and liquid water can coexist. Further increases in temperature cause the liquid water to
vaporize (turn to steam) until it is 100 percent water above 212°F. During this transition the
quality X, ratio of the mass of vapor to the total mass changes from 0 to 1.00.

Work. Work, one of the basic quantities transferred during a thermodynamic process, is
defined from elementary mechanics as a force F acting through a displacement
X, Where X is positive in the direction of the force; i.e., W = (3-6).

This basic relation enables us to determine the work required to raise weights, propel
missiles, etc. But this definition of work is too limited for thermodynamics, where
the concern is with the interactions between a system and its surroundings. Therefore, we
shall define work compatible with our concepts of systems, properties
and processes. Hence, work is done by a system if the sole effect external
to the system (on the surroundings) could be the raising of a weight. Work done
by a system in assumed to be positive and work done on a system is considered negative.
This definition does not state that a weight is raised or that a force actually acts through a
distance. This definition is necessary because of the need to distinguish between work and
heat in the second law of thermodynamics.

The term “sole effect” in the definition of work implies that another effect might be external
to the system.

The term “external” in the definition of work suggests that work is defined only with
reference to a system boundary.

Heat. The other form of energy of significance in transfer processes, heat,
Is defined in terms of temperature. Heat is the energy which is transferred across the
boundaries of a system interacting with the surroundings by virtue
of a temperature difference.

THE FIRST LAW OF THERMODYNAMICS
Since the first law of thermodynamics is a relation between the fundamental quantities
of heat and work, let us look further at their distinctions and similarities.

Neither heat nor work is a property of the system. They are boundary phenomena, path-
dependent, inexact differentials. Both are forms of energy in transit and have meaning when
a system undergoes a change of state.



The conventional units of work are foot-pounds force; of heat, the British thermal unit. Btu
was originally defined as that quantity of heat required to raisel Ib,, of water from 59.5 to
60.5°F, which is referred to as the 60°FBtu.

To understand the first law of thermodynamics we must understand a cycle, defined as the
passing of a system through a series of states but returning to its initial condition. Consider
an ice-cream freezer. The ingredients, milk, eggs, sugar, etc., are contained in the system
chosen. Work is transferred to the system by paddle, causing the temperature of the system to
rise, but the heat resulting from the increased temperature is transferred to the surrounding
brine. Work goes in; heat comes out.

What happens when all the energy added by work is extracted by the heat transfer? The
system returns to its initial state, passing through a cycle. Note
that for the system chosen the work is negative and the heat is negative.

The total work and heat transferred in the cycle is different from zero, i.e.,

* WHO, = Q#0 (3-7)

As a matter of fact, for the system in question * W<0, =*Q<0 (3-18). With a little ingenuity
we can measure the work and heat transferred. Equipping the input shaft with a pulley and
weight will give the work, while the heat transfer can be measured by ice meltage. Before
leaving this example, we should observe that more heat must be extracted than added by the
work if we are to freeze the ice cream.

In 1843 a British scientist, Joule, carried out a number of experiments similar to the
preceding example with various configurations. In all cases, he observed that the work done
on the system was directly proportional to the quantity of heat removed from the system.
Mathematically, (3-19) cycle, where the proportionality constant J is the mechanical
equivalent of heat the value of which depends upon the units chosen. Equation (3-19)
iIs the mathematical statement of the first law of thermodynamics. This law, which
iIs the basic law of the conservation of energy, was deduced from observations.
It is given the status of a law only because no contradiction to it has ever been found.

It is evident from Eq. (3-19) that work and heat can be expressed in equivalent units.
Expressing work in foot-pounds force and heat in Btu, J = 778 ft-lb¢/Btu. Equation (3-19)
does not suggest that heat and work is the same thing, but it does establish the relationship
between the two. While discussing units, recall that power is work rate, or work per unit
time. Therefore, the following conversion factors will be useful 1 hp — 33,000 ft-lb¢/min =
2545 Btu/hr, 1 kw = 44,200 ft-Ib¢/min = 3412 Btu/hr.

Most of our thermodynamic problems are concerned with processes rather
than cycles. Systems rarely return to their initial state. Therefore, to be useful the first law
should be formulated for easy application to processes.



Specific heats. If a red hot iron ingot of 20-Iby, is quenched in a 20-lb, pail of cold water, we
know intuitively that the iron will cool and the water will become hot. Experience has shown
that the temperature change of the iron IS not equal
to the temperature change of the water. Furthermore, this is the case for all materials. This
characteristic is due to a property of the material known as specific heat
c. It is the amount of heat required to change the temperature of a unit mass
by 1° under certain conditions.

The third law of thermodynamics. The second-law relationship for entropy can account only
for changes in entropy - one state relative to another. Although this
Is adequate for thermodynamic calculations, it is sometimes advantageous to speak
in terms of absolute entropy, which requires the third law of thermodynamics.
Simply stated, it is that the entropy of a pure substance is zero at absolute zero.

In a probabilistic sense, entropy is a measure of the disorder of a system.
At absolute zero there is no translational molecular activity, hence no disorder,
Or zero entropy.

The second law of thermodynamics. The first law of thermodynamics establishes
a relationship between heat and work but places no conditions on the direction
of transfer. The second law of thermodynamics is the directional law. It may
be formulated thus: Heat cannot, of itself, pass form a colder to hotter body.

Limitations of the first law. To illustrate the directional characteristic of the second law, let
us return to the example of the ice cream freezer. We added work
to the system and extracted heat. Now let us reverse the process — add heat and get work out
of the system. There is no conceivable way in which a weight might
be returned to its original position by reversing the process. It is impossible to fully convert
all heat into work. The process is irreversible.

Consider another example. A flywheel in stopped by a friction brake.
In the process of stopping the flywheel the brake gets hot, and its internal energy
IS increased by an amount equal to the loss if kinetic energy of the flywheel. The first law
would be satisfied if the hot brake gave up its energy to the flywheel causing
it to resume rotation. But there is no conceivable way in which this can happen.
The process is irreversible.

Two bodies at different temperatures are placed in thermal contact
in an insulated box. Heat in transferred from the high temperature body in accordance with
the first law, causing the low temperature body to get warmer. The energy given up by the
high temperature body is gained by the low temperature body in coming
to thermal equilibrium. Letting the process be reversed would not violate the first law since it
Is concerned with the conservation of energy, but the same amount of energy cannot be



transferred from the low temperature body to the high temperature body. Heat has never been
conserved to “flow uphill”. The process is irreversible.

Some factors which cause irreversibility are (1) friction (2) finite temperature difference, (3)
unrestrained expansion, and 4) mixing of different substances.
In a cyclic process it is possible to convert all work into heat, but it is impossible
to convert all the heat into work.

Heat engine. A heat engine is any device which operates cyclically and has
as its primary purpose the conversion of heat into work. For example, a steam power plant
has its working fluid, water, returning periodically to its initial state. Liquid water is pumped
into the boiler, where it is vaporized and drives the turbine, producing work, some of which
may be used to drive the condensate pump. Choosing the system as shown, only heat and
work cross the boundary.

The system can be simplified as receiving heat from a high temperature reservoir (source)
and rejecting heat to a low temperature reservoir (sink). A thermal reservoir is a body which
can receive or reject heat indefinitely without having

Thermal efficiency Z th is defend as Z th = energy effect sought
energy input required

For the heat engine, the energy effect sought is the work output W, and the energy input
required to produce it is the heat input Qy; therefore, 1j th :QM
H

There are two classic statements of the second law, both of which are negative statements
and cannot be proved. However, since neither has ever been experimentally violated, we
shall accept them as law. They are: Kelvin - Planck.
It is impossible to construct a device which will operate in a cycle and produce
no effect other then the raising of a weight and the exchange of heat with a single reservoir.

Clausius: Heat cannot pass spontaneously from a low temperature body. Proof of the
equivalence of these two statements can be establishes by contradiction
and is included in any complete treatise on thermodynamics.

DESCRIPTION OF A FLOW FIELD

1. A streamline is an imaginary line in a flow field at an instant of time taken such that
the fluid wvelocity at any point is tangent to it. Since the wvelocity vector
IS tangent to the streamline, no matter can cross it. A streamline is analogous
to a heat-flow line in the case of heat transfer.

2. A stream filament is a fanaly of streamlines forming a cylindrical passage
of infinitesimal cross section. A stream tube is bounded by an infinite number
of streamlines forming a finite surface across which there is no flow. If there




IS no creation, storage, or destruction of mass within the stream tube, all fluid which enters
must leave.

ISOTHERMAL FLOW

The basic differences between laminar and turbulent flow were discussed
in Chap 9. The fundamental difference between laminar and turbulent types of flow
iIs the existence of completely random fluctuations in the velocity components
for the turbulent case. In addition to purely laminar and purely turbulent flow,
we find that transition flow usually exists whenever we have the turbulent case.
In the development of any boundary layer, internal or external, there normally exists a
laminar leading section which becomes turbulent as the fluid moves downstream. This
results in a flow regime between the completely laminar and completely turbulent areas in
which the fluid motion is highly unstable, fluctuating between laminar and turbulent
characteristics.

FLUID MOTION

1. In the dynamics of solids we are accustomed to describing the motion
of particles or rigid bodies by their velocities and accelerations or more exactly
by the velocities and accelerations of their centers of mass. For a finite number
of particles, the velocity of the i-th particle can be given by the scalar equations

ui = fi(t) Vi = gi(t) w;i = hj(t) (9-3)
where the subscript “i” identifies the particle. In a fluid, however, there is an infinite number
of particles whose character may change continuously, making this approach unfeasible. This
technigue  of  describing  motion  of  discrete  particles  with  respect
to a fixed set of axes, the lagrangian approach, is not normally used for fluids.

2. In the lagrangian method the specification of velocity applies only at a given time,
location the particle at some point (a, b, c). Location of the same particle
at a subsequent time requires a set of equations:

Xi = Fi(t) Yi= Gi(t) Zi= Hi(t) (9-4)

3. The more common approach, the eulerian method, permits us to focus attention on a
fixed region in space without regard to the identity of the particles which occupy it a given
time. An observation IS an instantaneous picture
of the velocities and accelerations of every particle. To accomplish this it is necessary only to
take the space coordinates as independent variables, rather than dependent
as in the lagrangian method. The eulerian velocity field is given by

V = iU = jv~ kw (9-5)
Where the respective velocities, in Cartesian coordinates, are
u = f(x,y,x,t) vV =g(X,y,z,t) w = h(x,y,z,t) (9-6)

Similarly, in the cylindrical and spherical coordinate systems, respectively,
the velocity iIs V = V(r, ¢ ,z,t)
(9-7)



V=V 00,0
(9-8)
4. With the eulerian approach differential changes in velocities must
be expressed in terms of partial derivatives, since each component is affected by
both space and time.

SUPPLEMENTARY TEXTS
PERFECT FLUIDS
1. We shall consider techniques which will permit us to solve a large class
of problems involving perfect fluids. A perfect fluid is one which has viscosity or
one which behaves as if the effects due to viscosity were negligible. Obviously, no
fluid fits the inviscid portion of this definition, but in many practical cases the flow
of a real fluid can be accurately analyzed in terms of the perfect-fluid theory.

2. The flow in the inviscid region can be analyzed by perfect-fluid theory,
but the flow in the viscous region cannot be so treated. Technically, the viscous
effects are not the predominant criteria in this daze, however, the flow behaves
as if they were and can be treated accordingly. Note that any solution in the in
viscid region, resulting in a pressure or velocity distribution, for example, must
match with that of the viscous region at the edge boundary layer because of the
continuous nature of the physical problem.

3. Rotation w is the average angular velocity of any two mutually
perpendicular line elements in the plane of the flow.

P chrfc

4. A flow is irrotational when curl V = 0. The flow of a perfect irrotational
fluid is called potential flow. Its mathematical formulation is identical to that in
other potential fields, such as thermal, electric and magnetic fields. The differential
equations for incompressible potential flow are linear and may be superimposed.
Only incompressible fluids will be treated. From the streamline patterns, which
are given by perfect-fluid theory, velocity and pressure variations can be obtained
throughout a flow field. Lift and drag on a body can then be determined

from the pressure distribution. It is this result which we seek in our study of
perfect fluids.



5. What does being irrotational mean in a physical problem? To answer this,
recall that our analysis pertains to an element of fluid and not to the motion of a
body of fluid as a whole.

ISOTHERMAL FLOW

1. Every real fluid has a finite viscosity which gives rise to shear forces.
In many flow fields, this viscosity if quite small, e.g., the kinematics’ viscosity of
water at room temperature is of order of 10-5 ft/sec, and it would appear that
viscous effects in such fields would be negligible compared with other forces in
the momentum equation. This condition is generally true in fields far from solid
bodies.

2. The small viscosities of such important fluids as air and water presented
a formidable barrier to the early study of fluid mechanics. The early Greek
mathematicians, familiar with the diminishing velocity of a spear in flight,
concluded that it was necessary to apply a force continually to sustain the velocity
of a body in motion subjected to no opposing forces. The low viscosity of air
prevented them from recognizing the existence of an opposing force, drag, and this
hampered their progress in the study of mechanics.

3. During the last half of the nineteenth century the study of fluid dynamics
was sharply divided between theoretical and experimental efforts. A complete
formulation of the equations of motion of a viscous fluid has been available since
1845. Known as the Navier-Stokes equations, they are largely attributable
to the contributions of Navier, Poisson, St.Venant, and Stokes during the period
from 1827 to 1845. These equations form a set of nonlinear partial differential
equations the solution of which is a formidable task. This fact, coupled with the
very small viscosity of air and water, led many theoreticians to conclude that the in
viscid-fluid assumption was justifiable and the mathematical theory of perfect-fluid
flow was highly developed before the turn of the twentieth century.

4. Practical engineers, on the other hand, were not enthusiastic supporters of
mathematical efforts which yielded such absurd results as zero pressure loss for
flow of water thought a ripe or air drag for a cylinder subjected to a cross flow of
air. It is certainly not surprising that engineering efforts were heavily concentrated
toward experimental program and correlation efforts to obtain maximum
applicability of the measured data.

5. At this time the field of fluid mechanics was divided into theoretical
hydrodynamics and hydraulics, the former being a mathematical science the latter



an empirical one. The reunification of these two branches was largely due
to the contribution of Prandtl, who in 1904 presented a paper “On Fluid Motion
with Very Small Friction” before the Third International Mathematical Congress
in Heidelburg. In this work, Prandtl showed both experimentally and analytically
that the flow over a solid body is divided into two regions, a boundary layer
adjacent to the body, in which viscous effects are important and an outer flow
field, in which perfect-fluid flow theory is applicable. The importance of his wok
cannot be overstated. The boundary layer theory permitted Prandtl to
mathematically analyze several simple flow problems with meaningful results.
Nevertheless, boundary-layer theory was applied and developed only in Prandtl’s
own institute in Gottingen for the next 20 years. Following this period of
development and demonstrated success, the theory was accepted, applied and
developed. Today it is recognized as one of the most important concepts in fluid
mechanics.

6. Before we can attempt to threat any real isothermal-flow problem we must have
at our disposal the momentum equations containing the viscous forces.
Of particular importance to the study of isothermal momentum transport is a
working knowledge of the significance of each term in the viscous momentum
(Navier-Stokes) equations.

TURBULENT FLOW (OF INCOMPRESSIBLE ISOTHERMAL FLUIDS)

1. The basic differences between laminar and turbulent flow were discussed
in Chap.9. The fundamental difference between laminar and turbulent flow
Is the existence of completely random fluctuations in the velocity components
for the turbulent case. In addition to purely laminar and purely turbulent flow,
we find that transition flow usually exists whenever we have the turbulent case.
In the development of any boundary layer, internal or external, there normally
exists a laminar leading section which becomes turbulent as the fluid moves
downstream.

This results in a flow regime between the completely laminar and
completely turbulent areas in which the fluid motion is highly unstable, fluctuating
between laminar and turbulent characteristics.

2. Transition to turbulent flow: flat plate. The development of the turbulent
boundary-layer can be explained best for flow along a flat plate. Consider a free-
stream uniform-velocity flow approaching a flat plate at zero incidences.
As the fluid approaches the leading edge, large shear forces result in the fluid
velocity being altered or slowed near the plate. This always results in the
development of an initial section of laminar boundary layer. This boundary layer
thickens with distance (solutions for the thickness as a function of the length




Reynolds number were presented in Chap.12), and eventually instabilities cause
the boundary layer to become turbulent. The turbulent boundary layer is much
thicker and because of the velocity perturbations in the “y” direction it has a much
flatter velocity profile than laminar flow over most of its thickness. In the laminar
sub layer however, there is a very steep gradient. As a consequence, the shear
stress at the wall is much greater for the turbulent boundary layer than for the

laminar boundary layer.

3. Total drag on a plate is highly dependent upon the location of the transition from
laminar to turbulent boundary layer flow. Transition-region flow is highly
oscillatory in nature, appearing at one instant in time to be laminar and slightly
later to be turbulent. This transition region is actually a finite length, but since we
are unable to analyze transitional flow mathematically, we shall simplify
our model to consider transition to occur at a single location, the boundary-layer
flow ahead of this being laminar and that downstream being turbulent.

4. The transition to turbulent boundary-layer flow depends upon many parameters;
the more significant ones are (1) the critical Reynolds number V Xc/v;
(2) the wall roughness, (3) the free-scream turbulence, and (4) the external-flow
pressure gradient. For the flat plate at zero incidences to the direction of flow
the pressure gradient is zero. For many other practical problems (such as airfoils)
this is not the case and the pressure gradient is not only important with regard
to transition but also has a decided influence upon separation.
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