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تتحولوإنماالعدم،منتستحدثولاتفنىلاالطاقةأنعلىینصالطاقةثباتقانونبأنتعلمأنت
طاقةعلىتحتويالوقودمنكمیةلدیناكانإذاتتسائل،ذلكیجعلكوقدأخرى،إلىصورةمن

فإنما،لمسافةوقدناھاالسیارةمحركوشغلناالسیارةخزانفيالوقودھذابوضعوقمناكامنة،
تفنى،لمالطاقةھذهأنھيوالإجابةالوقود؟فيكانتالتيالطاقةتلكذھبتفأینسینفذ،الوقود
الكابحفيوبعضھاالسیارة،محركفيبعضھاالحراریة،الطاقةھيأخرىصورةإلىتحولتوإنما

كلبھا،المحیطةوالاسفلتالھواءبجزیئاتالسیارةأجزاءاحتكاكأثناءوبعضھاالسیارة،لإیقاف
علىبناءاوالمفترضالھواء،ھوالذيالمحیطالوسطإلىالسیارةمنخرجتالحراریةالطاقةھذه

إلىحرارةالأقلالمكانإلىحرارةالأعلىالمكانمنستنتقلالطاقةھذهأنالحراريالاتزانقوانین
.بالكاملالحرارةتتوزعأن

طریقةتوجدولالنا،متوفرةغیرطاقةإلىتحولتأنھاإلاتفنى،لمأنھامنالرغمعلىالطاقة،ھذه
عودةأيالعكس،تحققفیزیائیةقوانینأیةھنالكفلیستاستخدامھا،واعادةالطاقةھذهلاسترجاع

أخرى،مرةمنھاللاستفادةواحدمكانفيوجمعھاالكونأرجاءفيتبددتالتيالحراریةالطاقة
طاقةمنتتحولأنوھوقصر،أوالزمنطالالكون،فيالتيكلّھاالطاقةمآل*ھوھذافإنولذلك

للدینامیكاالثانيقانونمنالمقصودھووھذا،*النظاممنعدمةأومبعثرةطاقةإلىومفیدةمتوفرة
The(الحراریة Second Law of Thermodynamics)النظامفيالمساراتأنعلىینصالذي

.النظاموانعدامالعشوائیةباتجاهمحصلتھافيتسیرالمغلق
یصبحانأنإلىالباردإلىالحارمنستنتقلالحرارةفإنباردوشيءحارشيءھنالككانإذا

سیتوقفالطاقةانتقالفإننفسھاالحرارةدرجةإلىیصلانوعندماالحرارة،درجةفيمتساویان
كلھ،للكونسیحدثماھووھذاحراریّا،میتبأنھالنظامعنیقالوھناشيء،أيیحدثولن

.علمیةحقیقةھذهالعمل،عنشيءكلیتوقفوعندھا
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The Second Law of Thermodynamics

Water flows down a hill, heat flows from a hot body to a cold one, rubber bands unwind,
fluid flows from a high-pressure region to a low-pressure region, and we all get old! Our
Experiences in life suggest that processes have a definite direction. The first law of
thermodynamics relates the several variables involved in a physical process, but does not
give any information as to the direction of the process. It is the second law of
thermodynamics that helps us establish the direction of a particular process.
Consider, for example, the work done by a falling weight as it turns a paddle wheel thereby
increasing the internal energy of air contained in a fixed volume. It would not be a
violation of the first law if we postulated that an internal energy decrease of the air can
turn the paddle and raise the weight. This, however, would be a violation of the second
law and would thus be impossible.
In the first part of this chapter, we will state the second law as it applies to a cycle. It will
then be applied to a process and finally a control volume; we will treat the second law in
the same way we treated the first law.
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Motivating the Second Law

تحفیز القانون الثاني
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Statements of the Second Law

CLAUSIUS STATEMENT OF THE SECOND LAW
The Clausius statement of the second law asserts that: It is impossible for any system to
operate in such a way that the sole result would be an energy transfer by heat from a
cooler to a hotter body.

KELVIN–PLANCK STATEMENT OF THE SECOND LAW
It is impossible for any system to operate in a thermodynamic cycle and deliver a net
amount of energy by work to its surroundings while receiving energy by heat transfer
from a single thermal reservoir

شغلالىالحرارةمنكمیةتحویلالاحوالمنحالبأيیمكنلا
اخرجسمالىساخنجسممنالحرارةكمیةنقلیتماندونمیكانیكي

بارد
ھيالوحیدةالجوھریةنتیجتھاتكونعملیةھناكتكونانالمستحیلمن

“ساخنجسمالىباردجسممنحرارةانتقال
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التالیةالحقائقوضعیمكنناسبقمما--
ممكنغیرالعكسلكنحرارةالىبكاملةویتحولالشغلیضیعیمكن-١
مساعدةالبارددونالجسمالىالساخنالجسممنتلقائیاتتدفقالحرارة-٢
منخفضضغطھامنطقةالىیؤديثقبعبرعاليضغطتحتالمحجوزةالغازاتتتدفق-٣

العكسیحدثولا
متجاوزةحرةتركتمااذاتلقائیاببعضبعضھا)مختلفسؤائلاو(المختلفةالغازاتتختلط-٤

)خارجيشغلبذل(عملیةاجراءبدونبعضھاعن)سائلاناو(غازانینفصلانیمكنلاولكن
----معیننوعمن

قادرةالحرارةأنیؤكدالذي)الطاقةحفظقانون(العامالطبیعةلقانونخاصةحالةھوالأولالدینامیكاقانون
الشروطإلىیُشیرأندون،وبالعكسشغلإلىالتحولعلى
یمكنلالذا،الحراریةالعملیةاتجاهفيمطلقاً یبحثلاالأولالقانونأنوبماالتحولاتھذهفیھاتحصلالتي

:التاليالسؤالعلىالأولالقانونیُجیبلافمثلاً منھونتائجھاطبیعتھاتعیین
؟العكسأمالباردإلىالساخنالجسممنالحرارةانتقالیتمھل

مستمراً الانتقالویبقىبرودةالأكثرالوسطإلىالساخنالجسممنفقطتلقائیاً تنتقلالحرارةأنالواقعیُبینبینما
.التامالحراريالتوازنیحلحتىبینھما

،ماعملیةفيالمشاركةالطاقةأنواعمنكغیرهالشغللأنماشُغلببذلفیتمالحرارةحركةاتجاهتغییرأما
.حرارةإلىبسھولةإلىكلیاً یتحول

ذلكوغیربالاحتكاكالنارعلىیحصلفكانحرارةإلىكلھالشغلتحولقدیمةعھودمنذالانسانعرفولقد
الكبح-الاصطدام-الاحتكاك:ذلكومثالمستمربشكلحرارةإلىالشغلتحولعملیاتتجريالطبیعةفيوكذلك

...
بوجودفقطالحراریةالآلاتفيالتحولھذایحدثفمثلاً تماماً الأمرفیختلفشغلإلىالحرارةلتحولبالنسبةأما

أنھعلماً ،ومُستقبلھاالحرارةمصدرحرارةدرجتيفيفرق
شغلإلىالحرارةتحولبینكبیرفرقثمةأنتقدممماوینتج،شغلإلىالحرارةكلتتحولأنیمكنلاعندئذ

.وبالعكس



5.1 Heat Engines, Heat Pumps, and Refrigerators
We refer to a device operating on a cycle as a heat engine, a heat pump, or a refrigerator, depending
on the objective of the particular device. If the objective of the device is to perform work it is a heat
engine; if its objective is to transfer heat to a body it is a heat pump; if its objective is to transfer heat
from a body, it is a refrigerator.
Generically, a heat pump and a refrigerator are collectively referred to as a refrigerator. A schematic
diagram of a simple heat engine is shown in Fig. 5.1. An engine or a refrigerator operates between two
thermal energy reservoirs, entities that are capable of providing or accepting heat without changing
temperatures. The atmosphere and lakes serve as heat sinks; furnaces, solar collectors, and burners
serve as heat sources. Temperatures TH and TL identify the respective temperatures of a source and a
sink. The net work W produced by the engine of Fig. 5.1 in one cycle would be equal to the net heat
transfer, a consequence of the first law :

where QH is the heat transfer to or from the high-
temperature reservoir, and QL is the heat transfer
to or from the low-temperature reservoir.
If the cycle of Fig. 5.1 were reversed, a net work
input would be required, as shown in Fig. 5.2. A
heat pump would provide energy as heat QH to
the warmer body (e.g., a house), and a refrigerator
would extract energy as heat QL from the cooler
body (e.g., a freezer). The work would also be
given by above equation , where we use
magnitudes only.
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The thermal efficiency of the heat engine and the coefficients of performance (abbreviated COP) of
the refrigerator and the heat pump are defined as follows:

whereW is the net work output of the engine or the work input to the refrigerator.
Each of the performance measures represents the desired output divided by the input (energy that is
purchased).
The second law of thermodynamics will place limits on the above measures of performance. The first
law would allow a maximum of unity for the thermal efficiency and an infinite coefficient of
performance. The second law, however, establishes limits that are surprisingly low, limits that cannot
be exceeded regardless of the cleverness of proposed designs.
One additional note: There are devices that we will refer to as heat engines that do not strictly meet
our definition; they do not operate on a thermodynamic cycle but instead exhaust the working fluid
and then intake new fluid. The internal combustion engine is an example. Thermal efficiency, as
defined above, remains a quantity of interest for such engines.
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Example
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Example

COPrefrig



5.3 Reversibility
reversible:بالإنجلیزیة(الفیزیاءوالكیمیاءفيعكوسیةعملیة process)بأنھادورةأوعملیةتسمى

التغیراتلأنونظرا.للطاقةفقدبدونالنظامخصائصلأحدطفیفتغیربواسطةعكسھایمكنعندماعكوسیة
إلىعكوسیةعملیةوتحتاج.حراريتوازنحالةفيالتغیرھذاخلالالنظامیكونجداطفیفةتكونالنظامفي

بعدمعكوسیةدورةوتتسم.قصیروقتفيمثالیاعكوسیةدورةأوعملیةتتملاولذلك،تتملكيزمنیةفترة
وعندالعملیةبدءعندنفسھاھيحولھوماالنظامطاقةتكونأي،الدورةأثناءحولھوماالنظامطاقةتغیر

تغیرأيحدوثغیرمنانتھائھابعدعكسھایمكنالتيالعملیةبأنھاالعكوسیةالعملیةتعریفیمكنكما.نھایتھا
عملیةبأنھاالدورةأوالعملیةتعرفthermodynamicالحراریةالحركةوبصیغة.المحیطالجوفيولافیھا

.أخرىترمودینامیكیةحالةإلىابتدائیةترموینامیكیةحالةمنتحول

النظامیتغیرعكوسیةغیرعملیةأداءوعند."عكوسیةغیر"عملیةبأنھاعكوسیةتكونلاالتيالعملیةتسمى
دورةفيالنقطةنفسعندالنظامیكونوقد.حراريتوازنحالةفيالعملیةسریانخلالالنظامیكونولا

.دورةكلبعدتغیرقدیكونبھالمحیطالجوولكن،الحالةنفسفيعكوسیة
اختلاطو،باردجسمإلىساخنجسممنالحرارةانتقالمثلنذكرھاعكوسیةغیرالحالاتتغیرعلىأمثلة

الضغطتنفیثوعملیة،حراریةطاقةإلىحركةطاقةتتحولحیثوالاحتكاك،السوائلاختلاطأو،غازین
.)حركةإلىالغازأوالماءالضغطیتغیرحیث(

irreversibility
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5.5 The Carnot Engine
The heat engine that operates the most efficiently between a high-temperature reservoir and a low-
temperature reservoir is the Carnot engine. It is an ideal engine that uses reversible processes to
form its cycle of operation; thus it is also called a reversible engine.We will determine the efficiency
of the Carnot engine and also evaluate its reverse operation.
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5.6 Entropy
entropyإنتروبيمصطلح أصبحت."تحول"ومعناھاالیونانیةعنمأخوذالكلمةأصلاعتلاجبكلمةأحیانایعرب)

السوائلأوالغازاتفيالحراريالتحریكقوانینضمنوالكیمیاءالفیزیاءفيأساسیامصطلحاالإنتروبيأوالإنتروبیا
منالمكونةالكبیرةللأنظمةالفیزیائیةالعملیاتمعیتعاملالذي،للثرمودینامیكالثانيللقانونبالنسبةوخاصة،

أساسيمبدأعلىالحراریةللدینامیكاالثانيالقانونینص.لاأمتلقائیاتتمكعملیةسلوكھاویبحثالأعدادبالغةجزیئات
."إنتروبیتھ"مقدارفيازدیادیصحبھوأنبدلافیزیائينظامفيتلقائیایحدثتغیرأي:یقول
أجزائھ،جمیعفيمتساوتوزیعحالةإلىیصلحتىأنتروبیتھبزیادةتلقائیاالتحولأوالتغیرإلىمغلقنظامأيیمیل
المعزولالنظامیحتاجوقد.الصفاتتلكوغیرالكثافةوتساوي،الضغطوتساوي،الحرارةدرجةتساويمثل

أننلاحظماء،كوبفيالأزرقالحبرمنقطرةإلقاءذلكعلىمثال.الوقتمنبعضاالتوازنھذاإلىالوصول
فنقولوماء،حبرمنفیھبمامتجانساالماءمنجزءكلیصبححتيالماءفيرویدارویداوتنتشرتذوبالحبرقطرة

إنتروبیةمنأقلتكونالنقیةالماءإنتروبیة+النقیةالحبرنقطةإنتروبیةمجموعأنأي.تزایدتالنظامأنتروبةأن
الإنتروبیاعلاقةخلالمنأھمیةلنظامالطبیعیةالصفاتكأحدللإنتروبیاأصبحقد."ماءفيذائبحبر"النظام
الاحتراقمحركمثل،آلاتكفاءةتحدیدفيھامادوراتلعبفنجدھا.میكانیكيشغلإلىالحراریةالطاقةبتحول

.وغیرھاالدیزلومحركالداخلي
نقطةاختلاطأنفنجدفیھالذائبةالحبرونقطةالماءمثالوھوأعلاهالمذكورالمثالنفترضالإنتروبیامدلولولوصف

فتلكنقيوحبرنقيماءلدینالیصبحالماءعنثانیاالحبرنقطةفصلأردناإذاأماطبیعیا،ویتمسھلبالماءالحبر
فھيالنقيوالحبرالنقيالماءحالةبینماكبیرة،إنتروبیالھالمخلوطحالةأنفنقول.شغلببذلإلاتتمولاصعبةعملیة
.منخفضةأنتروبیتھایكونحالة

تبخیرطریقعنبذلكنقومإننا،السكرقصبمحلولعنالسكرفصلمثلیومیةعملیاتالعملیةتلكمثلوتصادفنا
.الماءعنالسكرلفصل،طاقةبذلأي،شغلوبذلالمحلولبتسخینأي،المحلول
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؟الإنتروبیالماذا
شغلإلىتتحولأنللطاقةیمكنفمثلا!تفنىلاأي،تستھلكلاولكنھاأخرىإلىصورةمنتتحولالطاقة

بقاءقانونعلیھینصماوكذلكالحراریةللدینامیكاالأولالقانونعلیھینصماھذا(حرارةإلىأودینامیكي
شغل(السیارةتحریكفيالوقودفيالمخزونةالطاقةیستخدمفإنھبالبنزینیعملمحركعملخلال.)الطاقة

تتحولنفسھاالسیارةوحركةالسیارةأجزاءحركةلأنونظرا.العادمغازمعالحرارةبعضویطرد)میكانیكي
فيتنتشرحرارةإلىأخیراتتحولالوقودفيمخزونةأصلاكانتالتيالطاقةأنفنجد،حرارةإلىبالاحتكاك

بطاریةفيبعضھاخزنتطاقةأوجبلكصعودالوضعطاقةإلىبعضھاتحولعنالنظربصرف،الجو
إمكانیة"بھانعرفكمیةإلىنحتاجلھذا.أخرىإلىصورةمن"تتحول"وإنماتفنىلاالطاقةأننجد.السیارة

.الطاقةمنالمستفادالشغلكمیةتعطینالاوحدھاالطاقةكمیةأنحیثالطاقةمن"شغلإنتاج
تساويالبحارحرارةدرجةلأننظراولكن.ھائلةمخزونةطاقةالعالممحیطاتفيیوجدالمثالسبیلعلى

.البحارفيالمخزونةالطاقةمنالاستفادةیمكننافلا،الجوحرارةدرجةتقریبا
میكانیكيشغلإلىالحرارةمنكمیةتحویلیمكنأنھلھوتبینالإنتروبیامعادلةكلاوسیوسرودولفالعالمصاغ
زادتكلماوأنھ،منخفضةحرارةدرجةذووسطإلىعالیةحرارةدرجةمنالحرارةتنتقلحیثدورةخلال
.والنھائیةالابتدائیةالحرارةدرجتيفرقمنالمكتسبةالشغلكمیةزادتكلماآلةفيالابتدائیةالحرارةدرجة
الغازحرارةدرجةوتصلالمحركأسطوانةداخلالوقودیشتعلداخلياحتراقمحركعنالسابقمثالناوفي

إلىانخفضتقدالنھائیةحرارتھدرجةوتكونالمحركمنویخرجمئویةدرجة٢٥٠٠و٢٠٠٠بینالمحترق
الذيالناتجالشغلكمیةتقدیریمكنناكلاوسیوسمعادلاتوباستخدام.عادمكغازویخرج،مئویةدرجة٨٠٠نحو

.الشروطأفضلعلىالمحركیعطیھ
.عاليإنتروبيفلھاالعادمحرارةبینمامنخفضإنتروبيلھاكانالوقودطریقعنالمحركبھازودناالتيالطاقة
أنھیقولالحراریةللدینامیكاالثانيالقانونلوطبقا.المكتسبالشغلحسابیمكننابینھماالفرقتعیینطریقوعن

القانونمایقولھھذا.یزدادأنمنلھبدفلاعكوسیةغیردورةفيبینماثابتا،الإنتروبيیكونعكوسیةدورةفي
الحراریةللدینامیكاالثاني
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5.6 Entropy
To allow us to apply the second law of thermodynamics to a process we will identify a property called entropy. This will
parallel our discussion of the first law; first we stated the first law for a cycle and then derived a relationship for a
process.
Consider the reversible Carnot engine operating on a cycle consisting of the processes described in Sec. 5.5. The
quantity is the cyclic integral of the heat transfer divided by the absolute temperature at which the heat transfer
occurs. Since the temperature TH is constant during the heat transfer QH and TL is constant during heat transfer QL, the
integral is given by

where the heat QL leaving the Carnot engine is considered to be positive. Using Eqs.

we see that, for the Carnot cycle,

Substituting this into Eq. *, we find the interesting result

*

Thus, the quantity δ Q/T is a perfect differential, since its cyclic integral is zero. We let this differential be denoted by
dS, where S depends only on the state of the system. This, in fact, was our definition of a property of a system. We
shall call this extensive property entropy; its differential is given by



where the subscript “rev” emphasizes the reversibility of the process. This can be integrated for a process to give

From the above equation we see that the entropy change for a reversible process can be either positive or negative
depending on whether energy is added to or extracted from the system during the heat transfer process. For a
reversible adiabatic process (Q = 0) the entropy change is zero. If the process is adiabatic but irreversible, it is not
generally true that ΔS = 0.
We often sketch a temperature-entropy diagram for cycles or processes of interest. The Carnot cycle provides a
simple display when plotting temperature vs. entropy; it is shown in Fig. 5.7. The change in entropy for the first
isothermal process from state 1 to state 2 is

The entropy change for the reversible adiabatic process from state 2 to state 3 is
zero. For the isothermal process from state 3 to state 4 the entropy change is
negative that of the first process from state 1 to state 2; the process from state 4 to
state 1 is also a reversible adiabatic process and is accompanied with a zero entropy
change. The heat transfer during a reversible process can be expressed in differential
form as

Hence, the area under the curve in the T-S diagram represents the heat transfer during any reversible process. The
rectangular area in Fig. 5.6 thus represents the net heat transfer during the Carnot cycle. Since the heat transfer is
equal to the work done for a cycle, the area also represents the net work accomplished by the system during the
cycle. For this Carnot cycle



The first law of thermodynamics, for a reversible infinitesimal change, becomes, using the last equation ,

This is an important relationship in our study of simple systems. We arrived at it assuming a reversible process.
However, since it involves only properties of the system, it holds for any process including any irreversible process. If
we have an irreversible process, in general, δW ≠ PdV and δQ ≠ TdS but previous equation still holds as a relationship
between the properties since changes in properties do not depend on the process. Dividing by the mass, we have

where the specific entropy is s = S/m.
To relate the entropy change to the enthalpy change we differentiate the definition of enthalpy and obtain

Substituting into Eq. ** for du, we have

**

***

Equations ** and *** will be used in subsequent sections of our study of thermodynamics for various reversible and
irreversible processes.











ENTROPY FOR AN IDEAL GAS WITH CONSTANT SPECIFIC HEATS

Assuming an ideal gas
becomes where we have used du = Cv dT and Pv = RT.

Last equation is integrated, assuming constant specific heat, to yield

Similarly, this equation is rearranged and integrated to give

…1

…2

Note again that the above equations were developed assuming a reversible process; however, they relate the
change in entropy to other thermodynamic properties at the two end states. Since the change of a property is
independent of the process used in going from one state to another, the above relationships hold for any
process, reversible or irreversible, providing the working substance can be approximated by an ideal gas with
constant specific heats.
If the entropy change is zero, as in a reversible adiabatic process, Eqs. 1 and 2 can be used to obtain

These are, of course, identical to the equations obtained in Chap. 4 for an ideal gas with constant specific heats
undergoing a quasiequilibrium adiabatic process. We now refer to such a process as an isentropic process.



EXAMPLE 5.6
Air is contained in an insulated, rigid volume at 20°C and 200 kPa. A paddle wheel, inserted in the volume, does 720 kJ
of work on the air. If the volume is 2m3, calculate the entropy increase assuming constant specific heats
Solution
To determine the fi nal state of the process we use the energy equation, assuming zero heat transfer. We have
−W = ΔU =m Cv ΔT . The massm is found from the ideal-gas equation to be

The first law, taking the paddle-wheel work as negative, is then

Using Eq. ( 1) for this constant-volume process there results

EXAMPLE 5.7
After a combustion process in a cylinder the pressure is 1200 kPa and the temperature is 350°C. The gases are
expanded to 140 kPa with a reversible adiabatic process. Calculate the work done by the gases, assuming they can be
approximated by air with constant specific heats.
Solution
The first law can be used, with zero heat transfer, to give The temperature T2 is found
from Eq. (2) to be

This allows the work to be calculated:









ENTROPY FOR STEAM, SOLIDS, AND LIQUIDS

The entropy change has been found for an ideal gas with constant specific heats and for an ideal gas with variable
specific heats. For pure substances, such as steam, entropy is included as an entry in the steam tables (given in
App. C). In the quality region, it is found using the relation

Note that the entropy of saturated liquid water at 0°C is arbitrarily set equal to zero. It is only the change in
entropy that is of interest.
For a compressed liquid it is included as an entry in Table C.4, the compressed liquid table, or it can be
approximated by the saturated liquid values sf at the given temperature (ignoring the pressure). From the
compressed liquid table at 10 Mpa and 100°C, s = 1.30 kJ/kg ⋅ K, and from the saturated steam table C.1 at 100°C,
sf = 1.31 kJ/kg ⋅ K; this is an insignificant difference.
The temperature-entropy diagram is of particular interest and is often sketched during the problem solution. A T-s
diagram is shown in Fig. 5.8; for steam it is essentially symmetric about the critical point. Note that the high-
pressure lines in the compressed liquid region are indistinguish able from the saturated liquid line. It is often
helpful to visualize a process on a T-s diagram, since such a diagram illustrates assumptions regarding
irreversibilities.
For a solid or a liquid, the entropy change can be found quite easily if we can
assume the specific heat to be constant. Returning to Eq. (1), we can write,
assuming the solid or liquid to be incompressible so that dv = 0,

where we have dropped the subscript on the specific heat since for solids and
liquids Cp ≅ Cv , such as Table B.4, usually list values for Cp; these are assumed to
be equal to C. Assuming a constant specific heat, we find that

If the specific heat is a known function of temperature, the integration can be
performed. Specifi c heats for solids and liquids are listed in Table B.4.
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