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By the end of this lecture, you should be able toDefine the microstate and macrostate of a system.Apply the Boltzmann distribution to calculate the probability of a system being in a given microstate.Explain the role of the partition function in calculating the thermodynamic properties of a system. In the previous lecture, we discussed the laws of
thermodynamics, which describe the behavior of macroscopic systems in terms of energy, work, and heat. In this lecture, we will take a different approach to understanding thermodynamics by considering the behavior of individual particles that make up a system. This approach is known as statistical thermodynamics or statistical mechanics.
Statistical thermodynamics provides a microscopic view of thermodynamic systems by considering the statistical distribution of particles in different energy states. By understanding the behavior of individual particles, we can derive macroscopic thermodynamic properties such as temperature, pressure, and entropy. In statistical thermodynamics, we
distinguish between two important concepts: microstates and macrostates.As shown above, a microstate refers to the specific configuration of a system at the microscopic level, including the positions and velocities of individual particles. For example, in a gas, a microstate would specify the position (center of each arrow) and velocity (direction of
each arrow) of each gas molecule. A macrostate, on the other hand, refers to the overall properties of the system that can be observed and measured macroscopically, such as temperature, pressure, and volume. The macrostate of a system is determined by the collection of microstates that are consistent with the macroscopic properties of the system.
For a closed system of fixed volume \(V\), in thermal equilibrium with a heat bath at temperature \(T\), the probability of finding the system in a particular microstate \(i\) with energy \(E i\) is given by the Boltzmann distribution\[P i = \frac{e”{-E_i/k {\rm B}T}}{Z}\lwhere \(k_{\rm B}\) is the Boltzmann constant, \(T\) is the temperature of the heat
bath, and \(2\) is the partition function defined as\[Z = \sum _i e”™{-E_i/k {\rm B}T}\]The partition function \(Z\) is a normalization constant that ensures that the probabilities \(P_i\) sum to 1 over all microstates of the system. Consider a simple two-state system with energies \(E_1 = 0\) and \(E_2 = \epsilon\). The partition function for this system is
given by\[Z = e~ {-0/k_{\rm B}T} + e”{-\epsilon/k {\rm B}T} =1 + e™{-\epsilon/k {\rm B}T}\IThe probability of the system being in the ground state (\(E_1 = 0\)) is\[P_1 = \frac{e™{-0/k {\rm B}T}}{Z} = \frac{1}{1 + e™{-\epsilon/k {\rm B}T} }\]land the probability of the system being in the excited state (\(E_2 = \epsilon\)) is\[P_2 = \frac{e"™{-
\epsilon/k {\rm B}T}}{Z} = \frac{e” {-\epsilon/k {\rm B}T}}{1 + e~ {-\epsilon/k {\rm B}T} }\limport numpy as npimport matplotlib.pyplot as pltfrom scipy.constants import k, eV # Constantsk B = k / eV # Boltzmann constant in eV/Kepsilon = 0.01 # Energy difference in eV # Temperature range (in Kelvin)T = np.linspace(1, 500, 500) # Partition
function ZZ = 1 + np.exp(-epsilon / (k_ B * T)) # Probabilities of ground state (P1) and excited state (P2)P1 = 1 /ZP2 = np.exp(-epsilon / (k B * T)) / Z # Plottingfig, (ax1, ax2) = plt.subplots(1, 2, figsize=(12, 5)) # Plotting probabilitiesax1.plot(T, P1, label='Ground state probability ($P_1$)')ax1.plot(T, P2, label='Excited state probability

($P _2%)")axl.set xlabel('Temperature (K)')ax1.set ylabel('Probability')ax1.set title('Probabilities of Ground and Excited States')ax1.legend()ax1.grid(True) # Plotting partition functionax2.plot(T, Z, label="'Partition function ($Z$)', color='purple’, linestyle='--')Jax2.annotate('One available microstate', xy=(30, 1), xytext=(100, 1.01),
arrowprops=dict(facecolor='black’, arrowstyle='->"))ax2.set_xlabel('Temperature (K)')ax2.set_ylabel('Partition Function ($Z$)")ax2.set _title('Partition Function')ax2.legend()ax2.grid(True) plt.tight layout()plt.show()The plot above shows the probabilities of the ground state (\(P_1\)) and excited state (\(P_2\)) as a function of temperature, as well as the
partition function \(Z\). As the temperature increases, the probability of the system being in the excited state increases, while the probability of the system being in the ground state decreases. The partition function \(Z\) is a measure of the total number of microstates available to the system. As the temperature increases, the partition function also
increases, indicating that the system has more available microstates at higher temperatures.Critical ThinkingWhat happens to the probabilities \(P_1\) and \(P_2\) at 100 K if \(\epsilon\) is increased?”How many microstates should be available to the system at very high temperatures? The partition function \(Z\) contains all the information needed to
calculate the thermodynamic properties of a system. For example, the average energy \(\langle E \rangle\) of the system is given by\[\langle E \rangle = -\frac{\partial} {\partial \beta} \In Z\]lwhere \(\beta = 1/(k_{\rm B}T)\). The microstate-averaged energy \(\langle E \rangle\) is a measure of the internal energy of the system in a given macrostate.#
Average energyE avg = -np.gradient(np.log(Z), 1 / (k_ B * T)) # Plotting average energyplt.figure(figsize=(6, 4))plt.plot(T, E_avg, color='green')plt.annotate('Ground state energy', xy=(30, 0), xytext=(100, 0.0001), arrowprops=dict(facecolor='black’, arrowstyle="'->"))plt.xlabel('Temperature (K)')plt.ylabel('Average Energy ($\\langle E \\rangle$)
(eV)')plt.title('Average Energy of Two-State System')plt.grid(True)plt.show()Critical ThinkingWhat is the average energy of the two-state system at very high temperatures? The average energy \(\langle E \rangle\) can be used to calculate other thermodynamic properties such as the heat capacity \(C_V\) of the system. The heat capacity is defined as\
[C V = \frac{\partial \langle E \rangle} {\partial T}\land provides information about how the internal energy of the system changes with temperature.# Heat capacityC V = np.gradient(E_avg, T) # Plotting heat capacityplt.figure(figsize=(6, 4))plt.plot(T, C_V, color="'blue')plt.xlabel('Temperature (K)')plt.ylabel('Heat Capacity ($C V$)
(eV/K)")plt.title('Heat Capacity of Two-State System')plt.grid(True)plt.show()The plot above shows the heat capacity \(C_V\) of the two-state system as a function of temperature. The heat capacity is zero at low temperatures, peaks at intermediate temperatures, and approaches zero at high temperatures. The peak in the heat capacity corresponds to
the temperature at which the system undergoes an order-disorder transition between the ground and excited states.Critical ThinkingWhat happens to the peak in the heat capacity if the energy difference \(\epsilon\) between the ground and excited states is increased? The partition function \(Z\) can also be used to calculate the free energy \(F\) of the
system, which is defined as\[A = -k {\rm B}T \ln Z\]The free energy \(F\) is a measure of the energy available to do work in the system. The entropy \(S\) of the system can be calculated from the free energy as\[S = -\left(\frac{\partial A} {\partial T}\right) V\]The entropy \(S\) is a measure of the disorder or randomness of the system and provides
information about the number of microstates available to the system.# Free energyA = -k B * T * np.log(Z) # EntropyS = -np.gradient(A, T) # Plotting free energy and entropyfig, (ax1, ax2) = plt.subplots(1, 2, figsize=(12, 5)) # Plotting free energyax1.plot(T, A, color='red')ax1.set _xlabel('Temperature (K)')ax1l.set ylabel('Free Energy ($A$)
(eV))ax1.set title('Free Energy of Two-State System')ax1.grid(True) # Plotting entropyax2.plot(T, S, color='orange')ax2.set xlabel(‘Temperature (K)')ax2.set ylabel(r'Entropy ($S$) (eV/K)")ax2.set title('Entropy of Two-State System')ax2.grid(True) plt.tight layout()plt.show()The plots above show the free energy \(A\) and entropy \(S\) of the two-state
system as a function of temperature. The free energy decreases with increasing temperature, while the entropy increases with temperature.Critical ThinkingAt very high temperatures, the probability of the system being in either the ground or excited state approaches 1/2. For conditions where all microstates are equally probable, the entropy of the
system can be calculated as \(S = k_{\rm B} \In \Omega\), where \(\Omega\) is the total number of microstates available to the system. How does the entropy calculated from the partition function compare to the entropy calculated from the total number of microstates at high temperatures? In this lecture, we introduced the concept of statistical
thermodynamics, which provides a microscopic view of thermodynamic systems by considering the statistical distribution of particles in different energy states. We discussed the distinction between microstates and macrostates and introduced the Boltzmann distribution, which describes the probability of a system being in a given microstate. We also
introduced the partition function, which is used to calculate the thermodynamic properties of a system, such as the average energy, heat capacity, free energy, and entropy. By understanding the behavior of individual particles in a system, we can derive macroscopic thermodynamic properties and gain insights into the behavior of complex systems.
Statistical mechanics grew out of an earlier field called thermodynamics, which was concerned with the thermalproperties of liquids and gasses. It grew up around it, and then subsumed it. What we now call classicalthermodynamics was developed over a period of several hundred years, but much of the most important work was done injust a few
decades from the 1820s through the 1850s. It is not at all a coincidence, of course, that this burst ofactivity coincided with the industrial revolution and the development of the locomotive. Classical thermodynamics waslargely developed by people who wanted to learn how to make better steam engines.Statistical mechanics has come a long way from
these humble beginnings, but thermodynamics is still an important fieldin its own right. In this chapter, I will discuss some of the most important results of classical thermodynamics asseen from a modern statistical viewpoint. In everything that has come so far, we have considered only systems that were in equilibrium. We will now take a firststep
toward removing this restriction.Consider some physical system, and assume it is initially in equilibrium. We now change the system in some way. Thereare many types of changes we might make. Here are some examples.We could directly add energy to the system, for example by shaking it or by placing it over a fire.We could bring it into contact
with a new heat bath. This might be done by moving it, or by opening a door thatpreviously insulated it and prevented heat from flowing between it and the heat bath.We could change the volume of the system. For example, it might be contained in a chamber, one wall of which isattached to a piston allowing it to be moved in or out.We could change
the potential energy function for the system. For example, we could apply an electric or magneticfield. This will change the energy of each microstate.Once we make any of these changes, the system will no longer be in equilibrium. If we let it sit long enough, however,it will eventually come back into equilibrium. How long that takes will depend
entirely on the system. It couldeasily be anything from microseconds to millions of years. Assume we do that, so we once again are dealing with asystem in equilibrium. This whole process of changing the system and allowing it to equilibrate is known as athermodynamic process. We can now compare the two different states of the system, one before
the process wasperformed and one after.Notice that we have fundamentally changed our definition of what can constitute a physical system. Up to now we havedealt with two types of systems:An isolated system whose macroscopic properties, like energy and volume, are fixed and unchanging.A system in contact with a heat bath. The properties of
the system are determined by the properties of the heatbath. They are free to change, but they do so at random and mostly only within a narrow range. Also, if we viewthe system of interest plus the heat bath as a single composite system, that composite system is still isolated.We now have a third option: a system whose properties we can directly
control. They change when we choose to changethem in exactly the way we choose. We are no longer in any way dealing with an isolated system. We are explicitlymaking an external change, reaching in from outside to alter the system. On the other hand, we only do that during arestricted time period. Before we make the change, the system (possibly
including a heat bath) is isolated. After weare done making the change it is again isolated. But while we make the change, it is not isolated. Classical thermodynamics is based on four laws that are very sensibly numbered starting at zero. When viewed from amodern perspective, three of them are trivial. The remaining one is extremely profound, and
even today is oftenmisunderstood.The Zeroth Law of ThermodynamicsIf two bodies are each in thermal equilibrium with a third body, then they are also in thermal equilibrium witheach other.This law was needed to justify that one can define temperature in terms of values measured on a thermometer. Rememberthat when thermodynamics was first
being developed, no one was certain exactly what temperature really was. It wasstrictly an empirical measurement. This law asserts that if you let a thermometer come to equilibrium with twodifferent bodies, and they each produce the same measurement, then bringing those bodies together will produce no netflow of heat.Once we associate
temperature with the average kinetic energy per degree of freedom, this law becomes trivial. It ismerely the statement that if two numbers each equal a third number, then they also equal each other.The First Law of ThermodynamicsThe change in a systems energy during a thermodynamic process equals the heat added to the system, minus the
workit performs on its environment. In differential form, this is written(1)\[dE=dQ-dW\]where \(Q\) represents heat and \(W\) represents work.This is just a statement of conservation of energy. But once again, remember that the founders of classicalthermodynamics did not know exactly what heat was. The fact that it was a form of energy, and that it
participatedin the conservation of energy, had to be discovered through experiment.Also notice how the form in which it is stated reflects the sorts of problems they were trying to study: mechanicalengines that one adds heat to and that do work. In many cases, it is hard to cleanly divide all energy conversionsinto heat and work, for example in
processes that involve chemical reactions or in which matter is transferredbetween the system and a heat bath. But of course, energy conservation is a completely general law and applies to allsituations equally well.The next law can be stated in several forms which appear different, but are actually equivalent. Here are two of themost common
versions.The Second Law of ThermodynamicsIn any thermodynamic process, the total entropy either increases or remains constant, but never decreases.orHeat will never spontaneously flow from a colder body to a warmer one.This law reflects a deep truth about the nature of the universe we live in. It deserves a whole section of its own, sobefore I
get to that let me first finish off the list of laws.The Third Law of ThermodynamicsAs the temperature of any system approaches zero, its entropy approaches a minimum value.This is another law that was needed to allow empirical definitions of temperature and entropy. From a statisticalviewpoint, it is a statement of the fact that for nearly all physical
systems, the density of states increases withenergy.The second law is not a trivial consequence of statistics or mechanics, but at first glance it is easy to think itis. The entropy of a system is simply the logarithm of its density of states. For an isolated system, that is ameasure of how probable each macrostate is. The second law could therefore be
summarized as, Systems tend to move fromless probable states to more probable ones. That sounds obvious. If a system is initially in a less probable state,we should hardly be surprised to later find it has moved to a more probable one. If it went the other way and moved toa less probable state, that would be surprising.Suppose you have a box filled
with gas molecules. Now you remove the cover, so the molecules are free to leave thebox. Clearly it is far more likely for the molecules to spread out through the room than to all remain inside the box.There are far more possible arrangements of them when they are spread out through the room. That is a higher entropystate. Once they have diffused
out into the room, it is incredibly unlikely you will ever find that, simply by chance,they are all inside the box at the same time again. That is what the second law tells us. Simple, right?But there is a problem with this logic. So far as we know, the laws of physics are symmetric with respect to time. (Ormore accurately they obey CPT invariance, but
that distinction is irrelevant for this discussion.) If you reverse thevelocity of every particle, the entire system will exactly retrace its trajectory in reverse. There is nothing in thelaws of physics that distinguishes between forward and backward in time. Those are just arbitrary labels we assignto two opposite directions. If we reversed the labels,
nothing about the laws of physics would change. (For CPTinvariance, you also need to reverse the labels left and right, as well as the labels positive and negativecharge.)So we can repeat the same argument in reverse. Consider a room containing gas molecules and an open box. Now close thebox. Assume that after you close it, all the molecules are
inside the box. At any earlier point in time when the boxwas still open, it was incredibly unlikely that all the molecules just happened to be inside the box. So this provesthat entropy tends to decrease.Stated this way, the argument sounds like nonsense. How can we assume that all the gas just happened to be inside thebox at the moment we closed it?
But in that case, why is it any more reasonable to assume the gas was initiallyinside the box in the original version of the argument? Just what is going on here?Boltzmann himself spent years trying to prove the second law, and several times thought he had succeeded. The mostfamous of these attempts is known as the H-theorem, published in 1872. It
appeared to be a completely rigorous proofof the second law for a gas of classical particles. Of course it contained an assumption that broke time symmetry, butthat assumption came into it in such a subtle way that for a few years neither Boltzmann nor any of his contemporariesnoticed it. Then in 1876, Josef Loschmidt published his reversibility
objection to the H-theorem. He reasoned asfollows.Start with a system in a low entropy (non-equilibrium) state. Given enough time, it will eventually move to a higherentropy, equilibrium state. Now reverse the velocity of every particle. Since the equations of motion are timesymmetric, the system will retrace its trajectory and return to the original,
low entropy state (except with velocitiesreversed). Clearly the second law cannot be a universal law that applies in all cases, because we have just presented acounter-example: a case where the entropy spontaneously decreases.In response to this objection, Boltzmann slightly modified his position, arguing the second law was still true in aprobabilistic
sense. He acknowledged that one could carefully design states whose entropy would decrease. But anystate that was not specifically designed in this way would almost certainly be one whose entropy increased rather thandecreasing.Unfortunately, this claim is simply wrong. The original low entropy state, the high entropy state it evolves into, andthe
time reversed version of that high entropy state (which will spontaneously return to a lower entropy one) are allequally probable. There is no basis for accepting some while ignoring others. For every trajectory whose entropyincreases, there is a reversed trajectory whose entropy decreases. Both directions are equally probable.Later in his career,
Boltzmann finally came to a clearer understanding of the situation. He recognized that the secondlaw cannot be proven. No amount of statistics or probability can turn a symmetric theory into a non-symmetric one.The second law of thermodynamics is not really a law at all. It is a definition. When we speak of forward intime, we really mean the
direction of increasing entropy. All the phenomena that lead us to view time as asymmetricfollow directly from the change in entropy: that it is easy to break a window but hard to fix it; that friction makesthings slow down instead of speeding up; even that you can remember the past but not the future. If the arrow of timewere reversed so that entropy
increased in the opposite direction, you would not notice any difference at all. Youwould simply perceive the opposite direction as being forward in time.Boltzmann was unable to explain why entropy is changing in the first place. If the universe were in equilibrium,entropy should be constant and unchanging in all directions. The best answer he could
suggest was an anthropicargument. He observed that even in equilibrium, highly improbable states can still happen. In fact, if you wait longenough, every state will eventually be visited. The entire Earth could be a random fluctuation that occurred just bychance. A fluctuation of that sort is incredibly improbable; most of the time, the atoms making
up the Earth should bearranged in a generally uniform, featureless way. But in that situation, life could not exist. Given that we doexist, we should not be surprised to find the universe in one of the rare states that can support life.This was a very clever idea, and in many ways a very modern one. It was, however, wrong. It leads to some veryspecific
predictions, and those predictions do not match the universe we actually see around us.Today we have a better explanation: the change in entropy is an effect of the Big Bang. We know that roughly 13.8billion years ago, the universe was in a state of incredibly low entropy with all its matter and energy concentratedin a tiny region of space. Entropy
has been steadily increasing ever since, and will continue increasing far into thefuture. That is why we find ourselves in a region of spacetime where there is an entropy gradient. For practicalpurposes, the phrase forward in time really means, away from the Big Bang.We still do not know why the Big Bang happened. There are various ideas about
that, but we do not yet have enoughevidence to say which one is correct. There may be other regions of spacetime where entropy is flat and unchanging.If so, those regions cannot support life, so it is not surprising we are not in one of them. We do not know whetherthe Big Bang marks the boundary of the universe, or whether there is more universe
on the other side of it. If thelatter, then entropy in that region presumably increases in the opposite direction. Anyone living there would perceivetime as moving in the opposite direction to how we perceive it. Perhaps there are many different Big Bangs and manydifferent universes surrounding them, each with its own arrow of time. Based on our
current evidence, we just cannotsay.Consider a thermodynamic process in which an infinitesimal amount of heat \(dQ\) is added to a system, while keepingits volume and other macroscopic variables fixed (so that it does not do any mechanical work). The first law ofthermodynamics then simplifies to \(dE=dQ\). We can use the chain rule to rewrite this
as(2)\[\begin{split}dQ &= dE = \left( \frac{\partial \mathrm{log}(\Omega)} {\partial E} \right)”~ {-1} d(\mathrm{log}(\Omega)) \\&= T dS\end{split}\]This shows a direct connection between heat and entropy. If you add heat to a system, you raise its entropy. If youremove heat, you lower its entropy. This is just our assumption that \(\Omega\)
increases with energy, coming backin yet another form.Suppose an amount of heat \(dQ\) flows from subsystem A to subsystem B. The entropy of A decreases and the entropyof B increases. The total change in entropy of the whole system is the sum of the two:(3)\[dS = dS_B+dS A = \frac{dQ}{T B} - \frac{dQ}{T ANIJIf\(T A=T B\), then \(dS)) is
zero and the total entropy of the system remains constant. But if thetemperatures were equal, no heat would have flowed in the first place. We saw this in section4.6: if two systems have the same temperature, they are in thermal equilibrium and no heat flowsbetween them.If \(T A < T B\), then \(dS\) is negative and the total entropy decreases. But
this case is forbidden by thesecond law of thermodynamics. Heat will never spontaneously flow from a colder body to a warmer one. The total changein entropy cannot be negative. (You see now how these two versions of the second law are equivalent to eachother.)So the only possibility is that \(T A > T B\). Heat is flowing from a warmer body to a
colder one, and the overallentropy of the system increases. This leads us to the following very important conclusion: whenever heat flows betweentwo bodies, the total entropy of the system increases. As we will see shortly, this has important consequences foranyone trying to build a steam engine. If you add heat to a system, you increase its energy
and therefore its temperature as well. The proportionalityconstant is called the heat capacity:(4)\[C \equiv \frac{dQ} {dT}\]If the heat capacity is large, that means you can add a lot of heat to the system while having only a small effect onthe temperature. Heat capacity is an extensive property; if you double the size of the system, you also double its
heatcapacity.As in the previous section, assume the volume is held fixed so the system does no mechanical work. In that case, wecan use equation (2) to write the heat capacity at constant volume:(5)\[\begin{split}C V &= \frac{(T dS)}{dT} \&= T \left(\frac{\partial S} {\partial T}\right) Viend{split}\]The subscript V refers to the fact that we are
keeping the volume fixed. The expression\(\left(\frac{\partial S} {\partial T}\right) V\) is an example of a notation that is common in thermodynamics, andusually used without any explanation of what it really means. In this case, \(S=k \mathrm{log}(\Omega(E,V))\).That cannot in any way be considered a function of \(T\)! In fact, the temperature is
defined by a derivative of\(S\). It describes the distribution of microstates with energy. It makes no sense to speak of the temperatureof a single microstate, or the density of states with a given temperature! So what do we mean by writing a derivativeof \(S\) with respect to \(T\)?As the system interacts with the heat bath, its energy (and hence
entropy) continuously fluctuate. So \(S\) is noteven well defined in this situation. On the other hand, we can still compute the average entropy\(\langle S \rangle\). That is a well defined function of temperature, so we can reasonably compute its derivativewith respect to \(T\). That is what the partial derivative in equation (5) really means:the derivative
of \(\langle S \rangle\), not of \(S)) itself. Of course, the average will vary depending onwhat ensemble we use to calculate it. We therefore add a subscript to specify the ensemble: in this case, that\(V\) is held fixed.Of course, entropy was first known as an experimental quantity before it was later explained as a statistical quantity.If you think about it in
those terms, there is nothing confusing about any of this. Just measure the entropy of asystem, and see how it varies with temperature. You find that the result differs depending on whether you fix thevolume or the pressure during your experiment, so of course you add a subscript to indicate which one you measured.Simple, right? Just remember that
your experiment is actually measuring the average entropy over a range ofmacrostates, not the entropy of any one specific macrostate.If you choose to fix pressure instead of volume, equation (2) changes to\[dE = T dS = dQ-P dV\]land the heat capacity becomes(6)\[\begin{split}C P &= \frac{(T dS+P dV)}{dT} \&= T \left(\frac{\partial S} {\partial
THright) P + P \left(\frac{\partial V} {\partial T}\right) P\end{split}\]Iit can be shown that for nearly all realistic systems, \(C P > C V\). This is easy to understand. If you let thesystem expand as you add heat, it performs work on its environment. That reduces the energy of the system. Energy usedto perform work is energy that doesnt go into raising
the temperature, so \(T\) increases more slowly. An ideal gas is defined as a gas of free particles that do not interact with each other in any way. It makes a veryuseful model for studying how gasses behave during thermodynamic processes.The density of states of an ideal gas takes a particularly simple form. Each particle is equally likely to be
anywherein the allowed volume, so for any single particle considered on its own, \(\Omega \propto V\). Because theparticles do not interact with each other, the density of states for the whole gas is just the product of the ones forthe individual particles: \(\Omega \propto V"~ N\). The definition of pressure therefore becomes\[\begin{split}P &\equiv kT
\frac{\partial \mathrm{log}(\Omega)} {\partial V} \\&= NKkT \frac{\partial \mathrm{log}(V)}{\partial V} \\&= \frac{NkT} {V}\end{split}\]Rearranging this gives the ideal gas law, also known as the ideal gas equation of state:(7)\[PV = NkT\]A real gas is not an ideal gas, of course. The particles do interact with each other. Still, this turns out to be
asurprisingly good approximation for dilute gasses of non-polar, non-reactive molecules. Air, for example. Furthermore,even when it is not accurate enough to make quantitative predictions, it still gives a good qualitative description ofhow real gasses behave. So let us take a minute to examine it and see what it can tell us.Suppose you increase the
temperature of a gas, such as by lighting a fire under it. The ideal gas law immediately tellsus that the pressure, the volume, or both must increase as well. If you hold the volume fixed, the pressure willincrease in direct proportion to the temperature. If instead you hold the pressure fixed while allowing the volume tochange, then the gas will
expand.As it expands it does work on its environment: \(W=P \Delta V\), where \(\Delta V\) is the change in volume.That means the energy of the gas must decrease by the same amount to conserve energy, and that in turn means itstemperature will decrease. This leads us to another important principle: when a gas expands, its temperature tends
todecrease.Of course, it works the other way as well. If you compress the gas by performing work on it, you increase its energyand thus its temperature.So you see, this simple gas of noninteracting particles actually has an amazing ability: it can convert thermal energyinto mechanical work, and vice versa! That certainly sounds like it ought to be a
useful ability. Surely someonemust have come up with something to do with it! A device that transforms thermal energy into mechanical work is called a heat engine. From what we saw in the lastsection, it looks like a gas could be very useful in building one. For example, you might have a chamber filled withgas, and one wall of the chamber is a
piston that can move in and out. As the gas expands, the piston moves outward anddoes work.But what then? Once it has gone all the way out, it cannot move any further. Before you can extract any more work, youfirst need to compress the gas again. And to do that, you need to perform work on the gas, thus giving back all theuseful work you just got
out of it. Not so useful after all!But with a little cleverness we can get around this problem. As the gas expands it does work \(P \Delta V\) on itsenvironment, and as we compress it we have to do work \(P \Delta V\) on the gas. But what if the pressures in thesetwo expressions were different? We want the pressure to be high while the gas expands and
low while we compress it. Inthat case, we will get more work out of the gas in the expansion stage than we have to put into it in the compressionstage.The ideal gas law tells us how we can do this: by changing the temperature! We need the gas to be hot while it expandsand cold while it contracts. That is easily achieved. In addition to the gas (also
known as the working body), weneed two different heat baths: one called the hot bath or source at temperature \(T H\), and one called thecold bath or sink at temperature \(T C\). Here is a specific example of a sequence of steps you might use.Put the working body in contact with the hot bath and let it expand. As it expands it does useful work.
Normallythis would cause its temperature to drop, but because it is in contact with a heat bath, it steadily absorbs energyand its temperature remains at \(T _H\).Now disconnect the working body from the heat bath so it is isolated. Let it continue to expand. It continues to douseful work, and since it is now isolated, its temperature does drop. Let this
continue until its temperaturereaches \(T_C\).Put it in contact with the cold bath and start compressing it. This would normally cause its temperature to rise,but since it is in contact with the cold bath, it instead expels energy to the bath and remains at \(T_C\).Disconnect the working body from the bath so it is once again isolated. Continue doing work
to compress it. Thiswill now cause its temperature to rise. Continue until it reaches \(T_H\).This is an example of a thermodynamic cycle: a sequence of thermodynamic processes that end with the system (otherthan the heat baths) in exactly the same state it began in, so we can repeat the cycle over and over. In particular,this is known as the Carnot
cycle after Sadi Carnot, who proposed it in 1824. A heat engine that uses this cycles iscalled a Carnot heat engine.Let us analyze what happens during this cycle. Let \(Q_H\) be the heat absorbed from the hot bath, \(Q_C\) theheat expelled to the cold bath, and \(W\) the net amount of work performed during the whole cycle (that is, thework performed
by the working body during steps 1 and 2, minus the work performed on the working body in steps 3 and4). Conservation of energy requires that \(W=Q_H-Q_C\).As we saw in section 5.4, whenever heat flows into or out of a system, its entropy changes as well.Therefore the entropy of the two heat baths must change over the course of the cycle. The
entropy of the hot bathdecreases and the entropy of the cold bath increases. From equation (2), \(Q H=T H \Delta S H\) and\(Q C=T C \Delta S C\).The efficiency of a heat engine, represented by the symbol \(\eta\), is defined as the ratio of the work done byit to the energy absorbed from the hot bath:(8)\[\begin{split}\eta &\equiv \frac{W}{Q H}
W& = \frac{Q H-Q C}{Q H} \&= 1-\frac{Q C}{Q H} \&= 1-\frac{T C\Delta S C}{T H \Delta S H}\end{split}\IThe second law of thermodynamics requires that the total entropy of the whole system must increase or stay constant overthe cycle. The working body ends up in exactly the same state it began in, so its entropy does not change. The
enginealso does work on its environment, but we cannot assume anything about what happens there. Perhaps all the energy isbeing stored into a single degree of freedom with no entropy at all. The two heat baths are all we have to work with,so the second law requires that \(\Delta S_C \geq \Delta S _H\). We therefore conclude(9)\[\eta \leq 1-
\frac{T C}{T H}\]Notice how little we assumed in deriving this: merely that the heat engine absorbed heat from one bath, expelled heat toanother, and did work. I described the Carnot cycle as an illustration, but no details of the cycle were required forthe derivation. Therefore, equation (9) applies equally well to heat engines that use
differentcycles. I assumed nothing about the nature of the working body. It could be a gas, a liquid, a solid, or evensomething exotic like a supercritical fluid. I assumed nothing about how the working body performed work. It couldinvolve moving a piston, applying an electric field, or shooting ping-pong balls at a target.Absolutely any heat engine, no
matter what it is made of or how it works, must obey equation (9), afact known as Carnots theorem. The second law of thermodynamics requires that we must have a second heat bath:we decrease the entropy of the hot bath, so we need to make up for that somewhere else. Conservation of energy requiresthat any heat expelled to the cold bath is not
available for doing work. Those two facts place an absolute limit onhow efficient any heat engine can ever be.There is no lower limit, of course. You can make a heat engine as inefficient as you want. You could connect the twoheat baths and allow energy to flow directly from one to the other without doing any work at all, thus achieving aspectacular
efficiency of zero. The key to making an efficient engine is to minimize all transfers of heat except theones that are absolutely required for the operation of the engine.Another interesting fact about heat engines is that you can run them backward, which turns them into heat pumps. Justperform the same steps in reverse order and changing the
direction of movement (so that expanding becomes compressing,for example). In this case, heat flows out of the cold bath and into the hot bath. Heat is flowing opposite to itsnormal direction! It does not do this spontaneously, of course. Instead of the engine producing work, we now have todo work on it. You are probably already very familiar with
this fact: refrigerators and air conditioners have anunfortunate habit of needing to be connected to an external source of energy. Consider an even simpler case: just a working body and a single heat bath. Assume the working body has energy \(E\)and entropy \(S\), and that the heat bath has temperature \(T\). We now want to answer a simple
question: whatis the maximum amount of work we can extract from the body?Ideally, we would like the answer to be \(E\). We want to extract all the energy as work. But the second lawmakes that impossible. As the bodys energy decreases, its entropy does too. We need to make up for that by addingheat (and entropy) to the heat bath.The third law of
thermodynamics says that as the bodys energy (and hence temperature) goes to zero, its entropyapproaches some minimum value. Call that \(S_0\). So its entropy decreases by \(S-S_0\), and we need to addheat \(T(S-S_0)\) to the heat bath. Therefore, the maximum about of work we can hope to extract from the body is(10)\[W_{max} = E-T(S-S_0)\]If
we assume \(S_0\) is zero, this simplifies further to \(W_{max}=E-TS\), which we recognize as the Helmholtzfree energy.In general, of course, \(S_0\) is not zero, but that is a result of the statistical definition of entropy. Beforestatistical mechanics was developed, the zero point of entropy was considered arbitrary. In thermodynamics, onlydifferences
in entropy are usually important, so it was common to fix the zero point by defining \(S_0\) to bezero.This is the origin of the term free energy. It means energy that is free in the sense of available or not lockedup in an unusable form. It is the maximum amount of energy you can hope to extract as work. Notice that its valuedepends on the temperature
of the heat bath. The colder the heat bath you have access to, the more work you can extractfrom the working body.Author: Richard FitzpatrickPublisher: World ScientificPublication Date: 2020ISBN: 978-981-122-335-8 This book provides a comprehensive exposition of the theory of equilibrium thermodynamics and statistical dynamics at a level
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A. Marruzzol,2, L. Leuzzil,2 1 NANOTEC-CNR, Institute of Nanotechnology, Soft and Living Matter Lab, Rome, Piazzale A. Moro 2, I-00185, Roma, Italy 2 Dipartimento di Fisica, Universit' adi Roma Sapienza, Piazzale A. Moro 2, I-00185, Roma, Italy 3 ISC-CNR, UOS Sapienza, Piazzale A. Moro 2, I-00185, Roma, Italy 4 INFN, Gruppo Collegato di
Parma, via G.P. Usberti, 7/A - 43124, Parma, Italy We review recent statistical mechanical approaches to multimode laser theory. The theory has proved very eective to describe standard lasers. We refer of the mean eld theory for passive mode locking and developments based on Monte Carlo simulations and cavity method to study the role of the
frequency matching condition. The status for a complete theory of multimode lasing in open and disordered cavities is discussed and the derivation of the general statistical models in this framework is presented. When light is propagating in a disordered medium, the system can be analyzed via the replica method. For high degrees of disorder and
nonlinearity, a glassy behavior is expected at the lasing threshold, providing a suggestive link between glasses and photonics. We describe in details the results for the general Hamiltonian model in mean eld approximation and mention an available test for replica symmetry breaking from intensity spectra measurements. Finally, we summary some
perspectives still opened for such approaches. The idea that the lasing threshold can be understood as a proper thermodynamic transition goes back since the early development of laser theory and non-linear optics in the 1970s, in particular in connection with modulation instability (see, e.g.,1 and the review?2). [Show full text] Conclusion: the Impact
of Statistical Physics Conclusion: The Impact of Statistical Physics Applications of Statistical Physics The different examples which we have treated in the present book have shown the role played by statistical mechanics in other branches of physics: as a theory of matter in its various forms it serves as a bridge between macroscopic physics, which is
more descriptive and experimental, and microscopic physics, which aims at finding the principles on which our understanding of Nature is based. This bridge can be crossed fruitfully in both directions, to explain or predict macroscopic properties from our knowledge of microphysics, and inversely to consolidate the microscopic principles by exploring
their more or less distant macroscopic consequences which may be checked experimentally. The use of statistical methods for deductive purposes becomes unavoidable as soon as the systems or the effects studied are no longer elementary. Statistical physics is a tool of common use in the other natural sciences. Astrophysics resorts to it for
describing the various forms of matter existing in the Universe where densities are either too high or too low, and tempera tures too high, to enable us to carry out the appropriate laboratory studies. Chemical kinetics as well as chemical equilibria depend in an essential way on it. We have also seen that this makes it possible to calculate the mechan
ical properties of fluids or of solids; these properties are postulated in the mechanics of continuous media. Even biophysics has recourse to it when it treats general properties or poorly organized systems. If we turn to the domain of practical applications it is clear that the technology of materials, a science aiming to develop substances which have
definite mechanical (metallurgy, plastics, lubricants), chemical (corrosion), thermal (conduction or insulation), electrical (resistance, superconductivity), or optical (display by liquid crystals) properties, has a great interest in statis tical physics. [Show full text] Research Statement Statistical Physics Methods and Large Scale Research Statement
Maxim Shkarayev Statistical physics methods and large scale computations In recent years, the methods of statistical physics have found applications in many seemingly un- related areas, such as in information technology and bio-physics. The core of my recent research is largely based on developing and utilizing these methods in the novel areas of
applied mathemat- ics: evaluation of error statistics in communication systems and dynamics of neuronal networks. During the coarse of my work I have shown that the distribution of the error rates in the ber op- tical communication systems has broad tails; I have also shown that the architectural connectivity of the neuronal networks implies the
functional connectivity of the afore mentioned networks. In my work I have successfully developed and applied methods based on optimal uctuation theory, mean-eld theory, asymptotic analysis. These methods can be used in investigations of related areas. Optical Communication Systems Error Rate Statistics in Fiber Optical Communication Links.
During my studies in the Ap- plied Mathematics Program at the University of Arizona, my research was focused on the analyti- cal, numerical and experimental study of the statistics of rare events. In many cases the event that has the greatest impact is of extremely small likelihood. For example, large magnitude earthquakes are not at all frequent,
yet their impact is so dramatic that understanding the likelihood of their oc- currence is of great practical value. Studying the statistical properties of rare events is nontrivial because these events are infrequent and there is rarely sufcient time to observe the event enough times to assess any information about its statistics. [Show full text] Statistical
Physics II Statistical Physics II. Janos Polonyi Strasbourg University (Dated: May 9, 2019) Contents I. Equilibrium ensembles 3 A. Closed systems 3 B. Randomness and macroscopic physics 5 C. Heat exchange 6 D. Information 8 E. Correlations and informations 11 F. Maximal entropy principle 12 G. Ensembles 13 H. Second law of thermodynamics 16
I. What is entropy after all? 18 J. Grand canonical ensemble, quantum case 19 K. Noninteracting particles 20 II. Perturbation expansion 22 A. Exchange correlations for free particles 23 B. Interacting classical systems 27 C. Interacting quantum systems 29 III. Phase transitions 30 A. Thermodynamics 32 B. Spontaneous symmetry breaking and order
parameter 33 C. Singularities of the partition function 35 IV. Spin models on lattice 37 A. Eective theories 37 B. Spin models 38 C. Ising model in one dimension 39 D. High temperature expansion for the Ising model 41 E. Ordered phase in the Ising model in two dimension dimensions 41 V. Critical phenomena 43 A. Correlation length 44 B. Scaling
laws 45 C. Scaling laws from the correlation function 47 D. Landau-Ginzburg double expansion 49 E. Mean eld solution 50 F. Fluctuations and the critical point 55 VI. Bose systems 56 A. Noninteracting bosons 56 B. Phases of Helium 58 C. He II 59 D. Energy damping in super-uid 60 E. Vortices 61 VII. Nonequillibrium processes 62 A. Stochastic
processes 62 B. Markov process 63 2 C. Markov chain 64 D. Master equation 65 E. Equilibrium 66 VIII. Brownian motion 66 A. Diusion equation 66 B. Fokker-Planck equation 68 IX. Linear response 72 A. [Show full text] Chapter 7 Equilibrium Statistical Physics Chapter 7 Equilibrium statistical physics 7.1 Introduction The movement and the internal
excitation states of atoms and molecules constitute the microscopic basis of thermodynamics. It is the task of statistical physics to connect the microscopic theory, viz the classical and quantum mechanical equations of motion, with the macroscopic laws of thermodynamics. Thermodynamic limit The number of particles in a macroscopic system is of
the order of the Avogadro constantN 6 10 23 and hence huge. An exact solution of 1023 coupled a equations of motion will hence not be possible, neither analytically, nor numerically. In statistical physics we will be dealing therefore with probability distribution functions describing averaged quantities and theiructuations. Intensive quantities like the
free energy per volume,F/V will then have a well dened thermodynamic limit F lim . (7.1) N V The existence of a well dened thermodynamic limit (7.1) rests on the law of large num- bers, which implies thatuctuations scale as 1/ N. The statistics of intensive quantities reduce hence to an evaluation of their mean forN . Branches of statistical physics.
We can distinguish the following branches of statistical physics. Classical statistical physics. The microscopic equations of motion of the particles are given by classical mechanics. Classical statistical physics is incomplete in the sense that additional assumptions are needed for a rigorous derivation of thermodynamics. Quantum statistical physics. The
microscopic equations of quantum mechanics pro- vide the complete and self-contained basis of statistical physics once the statistical ensemble is dened. In classical mechanics one can solve only the two-body problem analytically, the Kepler problem, but not the problem of three or more interacting celestial bodies. [Show full text] Quantum
Statistical Physics: a New Approach QUANTUM STATISTICAL PHYSICS: A NEW APPROACH U. F. Edgal*,, and D. L. Huber School of Technology, North Carolina A&T State University Greensboro, North Carolina, 27411 and Department of Physics, University of Wisconsin-Madison Madison, Wisconsin, 53706 PACS codes: 05.10. a; 05.30. d; 60; 70
Key-words: Quantum NNPDFs, Generalized Order, Reduced One Particle Phase Space, Free Energy, Slater Sum, Product Property of Slater Sum To whom correspondence should be addressed. School of Technology, North Carolina A&T State University, 1601 E. Market Street, Greensboro, NC 27411. Phone: (336)334-7718. Fax: (336)334-7546.
Email: [emailprotected]. North Carolina A&T State University University of Wisconsin-Madison 1 ABSTRACT The new scheme employed (throughout the thermodynamic phase space), in the statistical thermodynamic investigation of classical systems, is extended to quantum systems. Quantum Nearest Neighbor Probability Density Functions
(QNNPDFs) are formulated (in a manner analogous to the classical case) to provide a new quantum approach for describing structure at the microscopic level, as well as characterize the thermodynamic properties of material systems. A major point of this paper is that it relates the free energy of an assembly of interacting particles to QNNPDFs. Also.
the methods of this paper reduces to a great extent, the degree of difficulty of the original equilibrium quantum statistical thermodynamic problem without compromising the accuracy of results. Application to the simple case of dilute, weakly degenerate gases has been outlined.. 2 I. INTRODUCTION The new mathematical framework employed in the
determination of the exact free energy of pure classical systems [1] (with arbitrary many-body interactions, throughout the thermodynamic phase space), which was recently extended to classical mixed systems[2] is further extended to quantum systems in the present paper. [Show full text] Scientific and Related Works of Chen Ning Yang Scientific
and Related Works of Chen Ning Yang [42a] C. N. Yang. Group Theory and the Vibration of Polyatomic Molecules. B.Sc. thesis, National Southwest Associated University (1942). [44a] C. N. Yang. On the Uniqueness of Young's Differentials. Bull. Amer. Math. Soc. 50, 373 (1944). [44b] C. N. Yang. Variation of Interaction Energy with Change of Lattice
Constants and Change of Degree of Order. Chinese ]J. of Phys. 5, 138 (1944). [44c] C. N. Yang. Investigations in the Statistical Theory of Superlattices. M.Sc. thesis, National Tsing Hua University (1944). [45a] C. N. Yang. A Generalization of the Quasi-Chemical Method in the Statistical Theory of Superlattices. J. Chem. Phys. 13, 66 (1945). [45b] C. N.
Yang. The Critical Temperature and Discontinuity of Specific Heat of a Superlattice. Chinese J. Phys. 6, 59 (1945). [46a] James Alexander, Geoffrey Chew, Walter Salove, Chen Yang. Translation of the 1933 Pauli article in Handbuch der Physik, volume 14, Part II; Chapter 2, Section B. [47a] C. N. Yang. On Quantized Space-Time. Phys. Rev. 72, 874
(1947).[47b] C. N. Yang and Y. Y. Li. General Theory of the Quasi-Chemical Method in the Statistical Theory of Superlattices. Chinese J. Phys. 7, 59 (1947). [48a] C. N. Yang. On the Angular Distribution in Nuclear Reactions and Coincidence Measurements. Phys. Rev. 74, 764 (1948). 2 [48b] S. K. Allison, H. V. Argo, W. R. Arnold, L. del Rosario, H. A.
Wilcox and C. N. Yang. Measurement of Short Range Nuclear Recoils from Disintegrations of the Light Elements. Phys. Rev. 74, 1233 (1948). [48c] C. [Show full text] Statistical Physics for Biological Matter springer.com Physics : Biological and Medical Physics, Biophysics Sung, Wokyung Statistical Physics for Biological Matter Provides detailed
derivations of the basic concepts for applications to biological matter and phenomena Covers a broad biologically relevant topics of statistical physics, including thermodynamics, equilibrium statistical mechanics, soft matter physics of polymers and membranes, non-equilibrium statistical physics covering stochastic processes, transport phenomena,
hydrodynamics, etc Contains worked examples and problems with some solutions This book aims to cover a broad range of topics in statistical physics, including statistical mechanics (equilibrium and non-equilibrium), soft matter and fluid physics, for applications to biological phenomena at both cellular and macromolecular levels. It is intended to be
a Springer graduate level textbook, but can also be addressed to the interested senior level 1st ed. 2018, XXIII, 435 p. 1st undergraduate. The book is written also for those involved in research on biological systems or 176 illus., 149 illus. in color. edition soft matter based on physics, particularly on statistical physics. Typical statistical physics courses
cover ideal gases (classical and quantum) and interacting units of simple structures. In contrast, even simple biological fluids are solutions of macromolecules, the structures of which are very complex. The goal of this book to fill this wide gap by providing appropriate content Printed book as well as by explaining the theoretical method that typifies
good modeling, namely, the Hardcover method of coarse-grained descriptions that extract the most salient features emerging at Printed book mesoscopic scales. The major topics covered in this book include thermodynamics, equilibrium Hardcover statistical mechanics, soft matter physics of polymers and membranes, non-equilibrium ISBN 978-94-
024-1583-4 statistical physics covering stochastic processes, transport phenomena and hydrodynamics. [Show full text] Statistical Physics University of Cambridge Part II Mathematical Tripos Preprint typeset in JHEP style - HYPER VERSION Statistical Physics University of Cambridge Part II Mathematical Tripos David Tong Department of Applied
Mathematics and Theoretical Physics, Centre for Mathematical Sciences, Wilberforce Road, Cambridge, CB3 OBA, UK [emailprotected] 1 Recommended Books and Resources Reif, Fundamentals of Statistical and Thermal Physics A comprehensive and detailed account of the subject. Its solid. Its good. It isnt quirky. Kardar, Statistical Physics of
Particles Amodernviewonthesubjectwhichoersmanyinsights.Itssuperblywritten,ifa little brief in places. A companion volume, The Statistical Physics of Fieldscovers aspects of critical phenomena. Both are available to download as lecture notes. Links are given on the course webpage Landau and Lifshitz, Statistical Physics Russian style: terse,
encyclopedic, magnicent. Much of this book comes across as remarkably modern given that it was rst published in 1958. Mand], Statistical Physics This is an easy going book with very clear explanations but doesnt go into as much detail as we will need for this course. If youre struggling to understand the basics, this is an excellent place to look. If
youre after a detailed account of more advanced aspects, you should probably turn to one of the books above. Pippard, The Elements of Classical Thermodynamics This beautiful little book walks you through the rather subtle logic of classical ther- modynamics. Its very well done. If Arnold Sommerfeld had read this book, he would have understood
thermodynamics the rst time round. There are many other excellent books on this subject, often with dierent empha- sis. [Show full text] Econophysics: a Brief Review of Historical Development, Present Status and Future Trends 1 Econophysics: A Brief Review of Historical Development, Present Status and Future Trends. B.G.Sharma Sadhana
Agrawal Department of Physics and Computer Science, Department of Physics Govt. Science College Raipur. (India) NIT Raipur. (India) [emailprotected] [emailprotected] Malti Sharma WQ-1, Govt. Science College Raipur. (India) [emailprotected] D.P.Bisen SOS in Physics, Pt. Ravishankar Shukla University Raipur. (India) [emailprotected] Ravi



Sharma Devendra Nagar Girls College Raipur. (India) [emailprotected] Abstract: The conventional economic 1. Introduction: approaches explore very little about the dynamics of the economic systems. Since such How is the stock market like the cosmos systems consist of a large number of agents or like the nucleus of an atom? To a interacting
nonlinearly they exhibit the conservative physicist, or to an economist, properties of a complex system. Therefore the the question sounds like a joke. It is no tools of statistical physics and nonlinear laughing matter, however, for dynamics has been proved to be very useful Econophysicists seeking to plant their flag in the underlying dynamics of the
system. In the field of economics. In the past few years, this paper we introduce the concept of the these trespassers have borrowed ideas from multidisciplinary field of econophysics, a quantum mechanics, string theory, and other neologism that denotes the activities of accomplishments of physics in an attempt to Physicists who are working on
economic explore the divine undiscovered laws of problems to test a variety of new conceptual finance. They are already tallying what they approaches deriving from the physical science say are important gains. [Show full text] CALCULUS for the UTTERLY CONFUSED Has Proven to Be a Wonderful Review Enabling Me to Move Forward in
Application of Calculus and Advanced Topics in Mathematics TLFeBOOK WHAT READERS ARE SAYING "I wish I had had this book when I needed it most, which was during my pre-med classes. It could have also been a great tool for me in a few medical school courses." Or. Kellie Aosley8 Recent Hedical school &a&ate "CALCULUS FOR THE
UTTERLY CONFUSED has proven to be a wonderful review enabling me to move forward in application of calculus and advanced topics in mathematics. I found it easy to use and great as a reference for those darker aspects of calculus. I' Aaron Ladeville, Ekyiheeriky Student 'I1 am so thankful for CALCULUS FOR THE UTTERLY CONFUSED! I
started out Clueless but ended with an All' Erika Dickstein8 Qusihess school Student "As a non-traditional student one thing I have learned is the importance of material supplementary to texts. Especially in calculus it helps to have a second source, especially one as lucid and fun to read as CALCULUS FOR THE UTTERtY CONFUSED. Anyone,
whether you are a math weenie or not, will get something out of this book. With this book, your chances of survival in the calculus jungle are greatly increased.'l Brad &3~ker,Physics Student Other books in the Utterly Conhrsed Series include: Financial Planning for the Utterly Confrcsed, Fifth Edition Job Hunting for the Utterly Confrcred Physics for
the Utterly Confrred CALCULUS FOR THE UTTERLY CONFUSED Robert M. Oman Daniel M. Oman McGraw -Hill New York San Francisco Washington, D.C. Auckland Bogoth Caracas Lisbon London Madrid Mexico City Milan Montreal New Delhi San Juan Singapore Sydney Tokyo Toronto Library of Congress Cataloging-in-Publication Data Oman,
Robert M. [Show full text] Impeller Power Draw Across the Full Reynolds Number IMPELLER POWER DRAW ACROSS THE FULL REYNOLDS NUMBER SPECTRUM Thesis Submitted to The School of Engineering of the UNIVERSITY OF DAYTON In Partial Fulfillment of the Requirements for The Degree of Master of Science in Chemical Engineering
By Zheng Ma Dayton, OH August, 2014 IMPELLER POWER DRAW ACROSS THE FULL REYNOLDS NUMBER SPECTRUM Name: Ma, Zheng APPROVED BY: Kevin J. Myers, D.Sc., P.E. Eric E. Janz, P.E. Advisory Committee Chairman Research Advisor Research Advisor & Professor Chemineer Research &
Chemical & Materials Engineering Development Manager NOV-Process & Flow Technologies Robert J. Wilkens, Ph.D., P.E. Committee Member & Professor Chemical & Materials Engineering John G. Weber, Ph.D. Eddy M. Rojas, Ph.D., M.A., P.E. Associate Dean Dean, School
of Engineering School of Engineering ii ABSTRACT IMPELLER POWER DRAW ACROSS THE FULL REYNOLDS NUMBER SPECTRUM Name: Ma, Zheng University of Dayton Research Advisors: Dr. Kevin J. Myers Eric E. Janz The objective of this work is to gain information that could be used to design full scale mixing systems, and also could develop
a design guide that can provide a reliable prediction of the power draw of different types of impellers. To achieve this goal, the power number behaviorincluding three operation regimes, the limits of the operation regimes, and the effect of baffling on power numberwas compared across the full Reynolds number spectrum for Newtonian fluids in a
laboratory-scale agitator. Six industrially significant impellers were tested, including three radial flow impellers: D-6, CD-6, and S-4, and also three axial flow impellers: P-4, SC-3, and HE-3. [Show full text]
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