Hydrostatic Pressure in Liquids
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Any two points at the same elevation in a continuous mass of same static fluid will be at the
same pressure.

Accelerating liquids
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Reynolds transport theorem
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Conservation of mass

i Orav=- C)r (\5rd >1r1) dA

CV

dmV
CV-ar&n a s,

t out

I agimo
- V = .

Linear Momentum

r'1u = unit vector, h = normal vector, outward positive
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Bernoulli Equation

Important to approximate the unsteady term.

Pocoiiie = Poace + P

absolute gauge atm
eV, 21
Qg Oy (- W) o2 2)=0
r2 r‘2
- V,” -V
pzr p1+( 2 S )+g(22- 2)=0

%g r reI)rdvg:é(rr' Igmaoe)+ G gr;)rdV+
v u ] v
ol r r r
Tewr- N7 Vi) T (Vg >N)dA
cs
dig\r Vrd)rdvu:é.(lr erfaoe)-'- ‘F Eg)rdv-‘--ltshaﬂ"-
ey 0 ov

Pipe Flow? |
R, —ﬂ—ﬂ d =pipediameter n =—
m n r
tran= 2300
1 r 1 r
r&+5alvlz +t0z = %+Ea2v22 +0z + ghf
2 r
h _fLV_ f:gr‘% hf:va_ Dz+%
d 2g rv d 2g rg
_ 64m£v_ _128m.Q
fam = 0d d Zg pr gd*

l 111u
»-1. 8log 8 ae/d 0 U
Jf @Red 375 §




gd°h, _ fRe/
x = fen(Rey ) = T 2“
é@ﬂ 17759
Q=(pdA
First Law
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Constitutive Relations
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G?éen = rate of energy dissipated per unit mass by all energy storage

methods other than thermal. G&: rate of energy generated ie
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Fin Temperature Distributions
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Fin Efficiency
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Biot Number
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BI - 1Lumped thermal capacitance model

Reversible in terms of the solid. Principal resistance to heat transfer
lies within the fluid Temperature of solid can be modeled as uniform
at all times even though it is changing in time.
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BI ® ¥ Fluid behaves as heat reservoir. Principal resistance
to heat transfer lies within the solid. Temperature of fluid can be
modeled as uniform at all times even though it is changing in time.
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Semi Infinite Model
ﬂ =a g with boundary conditions
it X
T-T X
gq= h =
T.- T Jdat
h

erfh :i(‘)a'“zdu erfch =1- erfh

VP g

Case I Constant Surface temperature
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Case Il Constant Heat Flux at Surface
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Case IV Surface Energy Pulse
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Case V  Periodic Variation of Surface Temperature
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Two Semi -Infinite Solids in Simple Thermal Communication
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Reversible Cycles

Carnot Cycle
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The energy transferred in the form of a heat transfer from
a higher temperature source has a higher “quality” (greater value for
energy conversion purposes) than the energy transferred as a heat
transfer from a lower temperature source because it carries less
entropy.
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Temperature Distributions
Plane Wall (x=0 at middle of wall, x= +L or -L at ends of wall, -L=T1
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Summary of Governing Relations for a Control Volume
u=thermal energy v= % =specific volume

eJﬂH U+PV=nh

ékgu

Reynolds Transport Theorem

h=u+Pv
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Conservation of Mass (Continuity Equation)
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out

First Law of Thermodynamics
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Second Law of Thermodynamics
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Linear Momentum Equation
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Angular Momentum Equation
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general coordinate information
dA=rdrdq
quasi static= passing through a series of equilibrium states.
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Acceleration ::E Area.=m

2
S

_kg

Density = Energy :=J
m
J= 1kge m2-s_2 Force:=N
N = 1-kg-rn-s_2 HeatTransferRate :=W
W = 1-kg-m2-s_3 Heatflux::ﬂ
P
W
HeatGenRate :=— HeatTransferCoeff :=
m me-K
2
KViscosity i=— LatentHeat :=—
S kg
i = 1-m2-s_2 Length :=m
kg
o -+, o= KO
Mass i=kg MassDensity :=—=
3
m
. kg 1
MassFHowRate :=—= MassTransferCoef :=—
s m
Power :=W W = l-kg-mz-s_3
PressureStress ::ﬁ SpecificHeat :=———
e kg-K
Temperature :=K TempDiff :=K
Thermal Cond ::ﬂ W 1-kg-r‘n-s_3-K_1
m-K m-K
Thermal Resist ::ﬁ K kg 2-53-K
w
DViscosity ::E Volume :=mm°
n?
e
VolumeFowRate :=—
S

Think through the *“physics™ of the problem. [dentify the unknowns

Select the system and system boundary, and identify the interactions across the
system boundary

Dievelop a model for the system for the process it 1= undergong; model the
interactions between the required sub-systems

Apply conservation laws and conditions for equilibrium

First Law

Second Law

Volume and Mass Conservation
Momentum Conservation

Thermal equilibrium: temperature equality
Mechamical equilibrium: momentum/force balance
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The 2 law of Thenmodynamics is writlen as follows,
= [Lh\'_.:, where 5 =0,

1 7 Povwdiny
In the RHE, we have two terms. The first one is called emrapy fransfer, which is due 1o
heal trans fer across the system boundary. The other is the enfrapy peneration lerm within
the system. The amm of these twio is the total change af endrapy of the system, which is in
the LHS. The entropy generation is always non-negative . This is one mathod 1o siate the 2
law of Thenmodynamics.
Ulsnally, direct evaluation of entropy generation within a sysbem iz almesl impossible. %o,
wi ustally try to compute entropy transfer and the total change of entropy 1o evaluate
azsociated entropy generation. However, the problem is that evaluation of entropy transfer
i= nod o simpla matter either.
Thare are three important cases, whera you can evaluate the entropy transfier easily.
The first case is when the system boundary is considerad as adial Thira is no heat
transfir, so thare will be no entropy transfer. This caze is trivial but sl important.
The sacond case is when the system is modeled as a feat reservoir, Becanse a heat
reservioir has constant temperature at any instance, and is wualffy considerad o have
uniform temperature distribution including its boundary, the entropy transfer is given as
Forlliovws,

o

8 -5

! 'r.hn:r-
The third case is when the heal fransfer process is assumed Lo be grasi-static. In this case,
the temperaiure distibution in the system is unifomm, so the boundary temperature is same
as the temperature of the system. Also, we can use differential fonm of the 17 law, because
the system experiences a series of infintesimal stale changes between equilibrium states.
Therefore,

:. 3 J :. .
|I""‘——_ X e 50— 8F = dE,.
1 ¥ saxntry 1 ¥ masar

Using the 1™ law, we can usually express 5O as o funclion of 7. Then, we can put il
into the exprssion, and evaluate the integral.

Mote that the evaluation of enfropy iransfer is sensitive 1o how you model the system. IF
you medal something as a heat reservodr, it will give o different resull from the one you get
with a system modeled as a pure thermal system. Y ou need to think physically to justi fy
your modeling in general.

roservair mdel, w vz s

Foaomnote 5 carcfulty,

' put “usmlly b
bouncary temiperturs dif

ronl froim it inside wmpemture, Ty B

Although the principles mentionzd so farare simple, it seems thal some sdents are
confused by the different ways of evaluating entropy transfers, so 1711 try to clarify some
points here.

Entropsy transter from system & inlo system B always has same size as, but only has
oppaosile sign from entropy transfer from system B into systam A,

Fipountary 25 T boundary

Ifl 0= -0 \\\
LJ Up 5

o

Syatem A | | System B

In general, entropy ransfer cannot be dealt in the same way you deal heat or work transfers,
Assuming a quasi-static process, we have

0, =80, .

However, the boundary emperatura of syatem Ao and system B can be different. So,

a0 A0
[ [
: J

A Femniary 1 andary

Yo may argue that the boundary temperatures of two syatems should be same in principle.
1 your comsiderad heat transfer processes only by conduction and convection, it might ba
right.” However, one imporiant heal transfer process violates it. Radianon process is an
interaction at a distance, so the boundary temperatures of two systems need nol be same o
each other.

The solution® said: the enfropy-
. which has the zame size as the

Then, what happened in (g} of Problem 2 in Quiz 27
transferved in from the reststor is equal o 02703 1
entropy ransfer cut from the resistor!

Mow, we can examine the case with two dilTerent methods.

: Specifically, the difference between my way of explaining Problem 2 in Guiz 2 and the more plisioa wey
sooms Loom some confu
Actually. the sssomption of emperture conlinuity svalid madel even for canduction
mocsses For more information, soc “conlae L pesiskmes” soction in Ineropera & DeWitl,
Dhuring prop. onof this matenal, [ found that the soluticn bad a wrong uanit. In the solution, the catropy
trznster mbe wes given with the umit VK, but it ehould ke WK,

ity i nol

In the model given in the solution, we had

Resisgor System Idzal Gias System
¥, o L

T=3T0K T=360K
I wi think that the ideal gas
. 0 100w
Srmgrngm ST 3E0R

.
which has diflerent size from the entropy transfer out from the resistor. In this case, entropy
peneration in the ideal gas system is O, and all entropy generation is due to the elactric
resistor and the bowrdary bebween the resisior and the gas, where heat transfer oocurs
across i finike emperature difference.

ystem has auniform temperature distribution, the answer is

O2TTEW/K,

Wiz have learnad a little bit of heat transtier, a0 let’s think about the reality hera. The eleciric
resiztor itself would have thin coil type geometry, and =0, o small Biot mumber is expectad.

S0, wam anme that it has a unifonmm temperature. On the other hand, within the air, we
will heve a thenmal boundary layer as shown in the following figure.

Ly T = 360K

Almost uniform tempersture
Thermal boundary layer

T ote boundary = 3TUE
‘-‘\\_‘_‘_‘_\_\_ .

| eleciric resistor (Bi < 0.1}, T, = 370K

Mot that the heal ranafer process would be mostly due to convection, so the continuity of
temperature would hold. Hence, although we didn™ explicitly mention it in the model, the
madz] implies that the boundary temperatune would be same as the temperatune of the
resistor. [F we use this additional physical argament, the correct model would look like the
following figure.

Resistor & Idesal Gas System
W ¢
—
[=37T0K T=360K
Faiedary = 3§ reanr = 3 70K

With this physical reinterpretation of the modzl, the conclusion mads in the solution of ()
af Problem 2 in Quiz 2 is valid, As we can see, in this case, the temperature gradient
physically lies within the gas, so the entropy generalfon due o Real raRsler process dorss
Sindte femperatire difference @5 in the gas,

Aus yon can see, the conclusion is dependent on how you medel and interpret the system.
Method 1 and Method 2 give different results at least apparently. However, they are only
different ways of seeing the same phenomencn. For example, they will givie same answer

i generation fov the lotal system meluding the gas and e rexistor. The
diffierence only comes from how you model the thenmal boundary layer. 15t is considerad
a5 1 boundary between two subsystems, you are following Method 1. 10t is part of the gas,
you are following Mathod 2" In either case, yeu showdd explain yvowr model carefidlv 1o
ke [F wndersiood,

IMPORTANT Remark:
Yo showdd wse Method 2, becanse now you have encugh knowladge of heat transfer

pricess, which can be usad 1o decide the boundary temperatune, Method 2 has been also

Iy

used in the official Cuix solution, as you know. Hence, 1 believe that it is offici:
acceplad in MIT.

lempemature
would be by a
lempreraturs ab the bouncary ard the amount of bat wostor axpeiaced. The entropry change sill can be
calculated bazged on the temperature ioside and the amount of heat mmsfer expenienced. Thon, the aniropy

transler For o hest reservoiris mow given by 5y ) which isin werveral different from the
AN g

MU foariony

entrepy change af the heal ressrvair 4 ¢




Problem 1'

{a) To find out the shear force acting on the slug, we need to compute the shear stress on
the wall. To do that, we model the flow through the clearance between the slug and the
cylinder as a highly viscous flow. which is fully developed and steady. Then. the
differential equation for the velocity field is

ca":n t”J
uf',': ' J\
The boundary conditions are Cylinder
w(0) = 0, w(Ar) = 0. wall
Solving this equation gives the flow field: dlllv SLUG
I dP
wi ) :———r_\: Y-y 2
20 dx x

Also, from mass conservation, we have V-4

=M 3
- . TDA dP
O=mD |u(y)dy=———o0u.

o 120 dx
Therefore,
— = = uly)=

dP 1200 60 [Aty—y? ]
At?

ey DAL m DAt
The wall shear force is given by

Fo 17Dl = prpi ) 00O T
' dy At Ar

(b} The displacement, Ak, can be found by the force balance for the slug. That 1s,

]_huQ a’_}!’f) CwQ
At

kAR = J{a.f.-m ” [ bm'.'rw -7,

o 1 A 4| abaT A
G 3k 3 3
:LQ_L_'_ "”Q LEZ “QL|:2 +£i| - ”O ! |:D:| DA
At At At At Ar At At At At _\..’ At

_ \ug_) i D
Tk At
Note that the shear force is much smaller than the force due to pressure drop. Also, we

have neglected non-uniform pressure effect at cach side, which will turn out to be small
anyway.

(a) Because of mixing of air and water, which produces a lower density fluid at point 2,
buoyancy drives the mixture up through the pipe.

(b} As le'crihml in (a), we use Bernoulli equation from 0 to 1 and from 2 to 3. That 1s,

! 2 | 2
P+ —.0 y?= =F+peH+—plV - =F, +pegH+-pl-

Sl 2 :!’M +p.gH.

1
B+=p,V,} =Bt p,gH = P+ pgh.

~A=P, +p uﬂ—lp V.o iEg.l

atm wk

B =P, (mixing zone)

Therefore,

P, +pegH=P, +p f>Hflp v 2

atm L wow "

{ci From Eq.l in (b}, we have
B _=KE=F_+pgh

Ty

{d) From mass conservation for mixing zone, we have
m,+p ¥ A=pFA

Therefore,
o i1 n i
=2 4 =2 -"*% J.i‘[l =
p, " opd : 2 .f"‘ A

{a) First, we take our CV as shown in the figure. We use
mass conservation principle for the CV and Bemoulli
eq. from section | to section 2.

4 [pdb J'_.:r,f-,,, e =0,
dil 5 )

&

Here,

: [Llcf[

l_l!f_ 1)

&

dA = —p¥, aR 4 b, E(R - R

ref.

TR -RY)

Bemoulli eq. becomes

B .tl_.:r,-‘ = I+ pald +— ¥y

i -
M
)
H
z

(b) We use linear mamentum principle in vertical direction.
i .o S .
E fpv,dr Jov, G- fda = X F,.
dr o = :

For the CV, it becomes

d

7 ov dl” =00 (steady state by requirement)
df 5
[ v, (F - f)dd = —pFF, + ¥, = P %
&5 R(R R
Y F, = Fon— For = Fp
i . ¥ [R'2R}-RY) .
Fpy - Fpy =7R B — xR P, = ] Py ] cmpeRH
o= Frz = 1~ TRy | RS | (BB 0 g K,
Fn = _|15:{.TR,,:H i:.m“ _.:_g-%.m‘ mgRH %.wr__.g Pgk.
oy et [ Rarm |
"o |amR | RS -R |
Therefore,
e . o [ @i .
:1,~ 1.R 2% | Ri2 R-. R i l —-|[|J g
w7 (R 2R | (R, - I

Solving for W vields

Definitions and such
When to use Bernoulli.
1.  Steady flow. (otherwise, use unsteady version and estimate
unsteady term.
2. Incompressible flow- Mach number less than .3.
3. Frictionless flow



4. Flow along a single streamline
5. No shaft work-no pumps or turbines.
6. No heat transfer, ie adiabatic.

Heat Transfer

The energy transfer interaction that occurs between pure
thermal systems
Temperature

The property of a system which indicates the potential for
heat transfer with other systems. Two systems are unequal in
temperature when they experience heat transfer.

For a heat transfer in the absence of work transfer, the heat
transfer is positive for the low temperature system which increases
in energy and negative for the high temperature systems which
decreases in energy

A quasi -static process is a model for a dynamic process in
which the state of the system is changing at a rate which is slow
compared to the rate at which the system approaches the equilibrium
state by means of energy and entropy transfer processes internal to
the system boundary. Internally, the system appears to be in
equilibrium at all times throughout the process even though its state
is changing with time. The equilibrium properties thus provide a
complete description of the state of the system at all times
throughout the process.

A reversible process generates no entropy, is a sequence of
equilibrium states, and proceeds in the reverse direction just as
readily as in the forward direction and takes an infinitely long time to
be carried out.

Head loss is the change in the sum of the pressure and
gravity head, the change in height of the hydraulic grade line or
height change of the energy grade line

System:

A system is defined as an quantity of matter or region of
space to which attention is directed for purpose of analyss.
Boundary:

The quantity of matter or region of space which forms the
system is delineated by a boundary, a surface either real or imaginary.
State and Property:

State is used to signify the condition of a system at a
specific instant. The state of a system is characterized by a
collection of observable, macroscopic quantities, called properties. A
property is one of those observable macroscopic quantities which are
definable at a particular instant without reference to the system's
history.



