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Qualitativ e an d Quantitativ e Reasonin g 

A b o u t  T h e r m o d y n a m i c s 

Gordon Skorstad and Ken Forbus 
Qualitativ e Reasonin g Grou p 

Beckman Institute ,  Universit y o f  Illinoi s 

Abstract: One goal of qualitative physics is to capture the mental models of engineers and 

scientists .  Thi s pape r  show s ho w Qualitativ e Proces s theor y ca n b e use d t o expres s concept s o f 

engineerin g thermodynamics .  Thi s encodin g provide s th e mean s t o integrat e qualitativ e an d 

quantitativ e knowledg e fo r  solvin g textboo k thermodynamic s problems .  Thes e idea s hav e bee n 

implemente d i n a  progra m calle d SCHISM,  whic h analyze s thermodynami c cycles ,  suc h a s ga s 

turbin e plant s an d stea m powe r  plants .  W e describ e it s analysi s o f  a  sampl e textboo k proble m 

and discus s ou r  plan s fo r  futur e work . 

1 INTRODUCTION 

A goal of qualitative physics is to capture the tacit knowledge engineers use to organize and 

contro l  knowledg e gaine d throug h forma l  training .  Th e initia l  motivatio n fo r  qualitativ e physic s 

was t o se t  u p an d guid e th e solutio n o f  textboo k motio n problem s [6] .  Sinc e then ,  researc h ha s 

mainl y focuse d o n purel y qualitativ e reasonin g [2] ,  an d significan t  progres s ha s bee n made .  W e 

believ e th e tim e i s righ t  t o begi n explorin g th e integratio n o f  qualitativ e an d quantitativ e 

reasonin g again .  I n particular ,  ou r  long-rang e goa l  i s  t o develo p a  syste m whic h ca n automaticall y 

perfor m engineerin g analyse s o f  thermodynami c system s i n a  human-lik e way .  Thi s pape r 

describe s ou r  first  ste p toward s tha t  goal . 

Studie s o f  textboo k proble m solvin g hav e tende d t o focu s o n quantitativ e reasonin g 

[1,4,14,15] .  W e begi n instea d wit h th e vie w tha t  qualitativ e model s ar e th e startin g poin t  fo r  th e 

accumulatio n an d us e o f  mor e sophisticated ,  quantitativ e models .  Thi s vie w i s widel y hel d i n th e 

menta l  model s literatur e [11] ,  an d widel y bu t  les s formall y i n th e engineerin g communit y \l6,n\ . 

I n problem-solving ,  th e analysi s begin s b y constructin g a  qualitativ e understandin g o f  th e 

situation .  Thi s initia l  understandin g provide s th e framewor k fo r  furthe r  analyses ,  suc h a s derivin g 

and solvin g set s o f  equations .  Developin g a  correc t  qualitativ e understandin g o f  th e proble m i s 

essentia l  t o solvin g comple x problems .  Qualitativ e physic s shoul d provid e th e foundatio n fo r  a 

mor e complete ,  forma l  accoun t  o f  h u m a n menta l  models ,  includin g ho w qualitativ e an d 

quantitativ e knowledg e interact . 

Thi s pape r  show s h o w Qualitativ e Proces s theor y [8 ]  ca n b e use d t o encod e fundamenta l 

concept s o f  engineerin g thermodynamics .  Thi s qualitativ e knowledg e i s use d fo r  proble m solvin g 

i n severa l  ways .  Qualitativ e simulatio n i s use d t o verif y tha t  question s mak e sens e b y ensurin g 

tha t  th e behavio r  mentione d ca n actuall y occur .  Th e simulatio n als o provide s a  framewor k fo r 

extractin g equations .  Fo r  example ,  heuristic s fo r  choosin g appropriat e contro l  volume s ar e bcise d 

on qualitativ e criteria .  W e hav e teste d thes e idea s throug h implementatio n i n a  progra m calle d 

SCHISM,  whic h solve s textboo k thermodynamic s problem s involvin g cycles . 

Th e nex t  sectio n show s ho w a  se t  o f  fundamenta l  thermodynami c concept s ca n b e encode d i n 

QP theory .  Sectio n 3  describe s ho w thi s encodin g ca n b e use d a s a  basi s fo r  equatio n extractio n 

and quantitativ e analysis .  Sectio n 4  describe s SCHISM.  Lastly ,  Sectio n 5  demonstrate s ou r  idea s 

wit h a n exampl e o f  SCHIS M analyzin g th e efficienc y o f  a  simpl e stea m plant . 
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2 QP THEORY AND THERMODYNAMICS 

Thermodynamics deals with transformations of energy from one form to another. The notion of 

proces s i s centra l  t o thermodynamics ,  henc e Q P theor y shoul d b e well-suite d fo r  representin g it . 

Her e w e sho w ho w th e followin g fundamenta l  concept s o f  thermodynamic s ca n b e expresse d i n 

QP theory :  contro l  volumes ,  close d cycles ,  equilibrium ,  stead y state ,  phas e changes ,  specia l 

processes ,  an d poin t  an d pat h quantities . 

2.1 CONTROL VOLUMES 

Every thermodynamic analysis starts by partitioning the universe into a system or control volume 

and it s surroundings .  A  syste m i s an y macroscopi c objec t  o r  regio n o f  spac e selecte d fo r  analysis . 

System s ar e divide d int o thre e classes :  open ,  close d an d isolated .  Ope n system s (suc h a s th e 

human body )  exchang e matte r  wit h thei r  surroundings .  Close d system s (e.g. ,  th e coolan t  i n a 

refrigerator )  allo w energ y bu t  no t  matte r  t o b e exchange d wit h thei r  surroundings .  Isolate d 

system s exchang e neithe r  mas s no r  energ y wit h thei r  surroundings . 

Contro l  volume s i n a  Q P mode l  correspon d t o individual s wit h th e quantit y volume ,  an d 

contiguou s collection s o f  suc h individuals .  Th e containe d stuf f  ontolog y [12] ,  use d i n ou r  model , 

provide s a  natura l  partionin g o f  a n apparatu s int o macroscopi c contro l  volumes .  "Th e coolan t  i n 

th e roo m coil s o f  th e refrigerator "  i s  a n exampl e o f  a  containe d stuff .  Ou r  Molecula r  Collectio n 

(MC)  ontolog y [5] ,  whic h follow s a n infinitesima l  piec e o f  fluid  throug h a n apparatus ,  provide s 

anothe r  usefu l  contro l  volume .  A n M C ma y b e viewe d a s a  close d contro l  volum e sinc e it s mas s 

does no t  change .  Th e M C contro l  volum e let s u s describ e propertie s o f  a  fluid  a t  a  poin t  i n space . 

I n Q P theory ,  ope n contro l  volume s ar e easil y identifie d a s thos e whic h tak e par t  i n som e 

proces s tha t  cause s a  mas s transfe r  (suc h a s liquid-flo w o r  boiling) .  Close d contro l  volume s 

ar e thos e whic h ar e no t  ope n bu t  whic h participat e i n som e wor k o r  hea t  transfer .  Hea t  transfe r 

and wor k transfe r  ar e indicate d b y participatio n i n a  heat-flo w o r  work-flo w process , 

respectively .  A  contro l  volum e i s isolate d i f  i t  doe s no t  participat e i n mass ,  work ,  o r  hea t  transfers . 

2.2 CLOSED CYCLES 

An important class of thermodynamic systems are closed cycles. In such systems, fluid 

continuousl y passe s aroun d a  close d loop .  Close d cycle s ar e o f  grea t  practica l  importanc e sinc e 

the y for m th e basi s o f  heating ,  coolin g an d powe r  generatio n systems .  Indeed ,  whol e book s ar e 

writte n abou t  th e analysi s o f  suc h system s [13] .  Close d cycle s ar e th e first  clas s o f  system s w e 

hav e chose n fo r  automate d analysi s b y SCHISM. 

The M C ontolog y provide s a  simpl e wa y t o detec t  close d cycles ,  sinc e a  close d cycl e directl y 

correspond s t o a  cycl e i n th e M C envisionment .  Recognizin g close d cycle s allow s SCHIS M t o selec t 

state s o f  th e envisionmen t  tha t  hav e th e intende d behavio r  a s candidate s fo r  furthe r  analysis . 

(Thi s als o allow s SCHIS M t o rejec t  question s abou t  impossibl e behaviors. ) 

2.3 PHASE CHANGES 

Many engineerin g systems ,  suc h a s refrigerator s an d stea m plants ,  rel y o n phas e change s t o 

operate .  Thes e phas e change s ar e modelle d a s processe s i n Q P theory .  SCHIS M include s a  mode l 

of  boilin g an d o f  condensation .  Unlik e previou s models ,  thes e processe s includ e th e therma l 

effect s o f  mixin g i n th e destinatio n ga s fo r  boilin g an d th e destinatio n liqui d fo r  condensation . 
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2. 4 EQUIL IBRIU M 

Equilibrium is the absence of certain processes acting. It is innportant enough to be explicitly 

represented ,  s o w e us e view s whos e quantit y condition s ar e th e equalit y o f  drivin g forces .  Fo r 

example ,  th e followin g vie w i s activ e wheneve r  tw o object s wit h a  connectin g hea t  pat h hav e th e 

same temperature : 

(defview (Thermal-Equilibrium ?8rc ?d8t ?path) 
Individual s ((Tar e ;condition s (Quantit y (Temperatur e ?src)) ) 

(?dB t  :condition s (Quantit y (Temperatur e ?dst)) ) 
(?pat h :condition s (heat-pat h ?path ) 

(path-t o ?pat h ?sr c ?d8t)) ) 
Precondition s ((Heat-aligne d ?path) ) 
QuantityCondition s ((equal-t o ( A (temperatur e ?src) ) 

(A (temperatur e ?d8t)))) ) 

2.5 STEADY STATE 

Another vital concept in thermodynamics is steady state. An apparatus is said to be in steady 

stat e whe n al l  poin t  propertie s ar e constan t  wit h respec t  t o time .  Thi s i s th e norma l  mod e o f 

operatio n fo r  continuou s flow  processes .  Fo r  example ,  whe n you r  kitche n refrigerato r  i s runnin g 

continuously ,  th e temperatur e o f  th e coolan t  a t  an y poin t  alon g th e roo m coil s i s constant . 

Engineerin g analyse s o f  thermodynami c cycle s focu s o n stead y stat e behavior . 

I n th e Q P model ,  a  stead y stat e syste m i s indicate d whe n al l  tim e derivative s o f  poin t 

propertie s ar e zero .  W h e n performin g a  steady-stat e analysis ,  thes e derivativ e constraint s ar e 

adde d t o QPE' s scenari o mode l  s o tha t  onl y steady-stat e behavior s ar e envisioned^ .  I f  th e 

envisionmen t  i s empt y unde r  thi s constraint ,  stead y stat e behavio r  i s impossibl e give n th e 

qualitativ e descriptio n o f  th e system .  Sometime s ther e i s mor e tha n on e stead y stat e behavio r 

(fo r  example ,  th e sam e apparatu s coul d b e use d a s a  ga s turbin e powe r  plan t  o r  a n ai r  cycl e 

refrigerator ,  dependin g o n drivin g conditions) .  I f  ther e i s mor e tha n on e steady-stat e behavior , 

teleolog y i s use d t o selec t  th e appropriat e stat e fo r  furthe r  analysis . 

2.6 SPECIAL PROCESSES 

Quantitative analyses of closed systems are greatly simplified when processes drive parameters 

throug h particula r  trajectorie s i n stat e space .  Thermodynami c analyse s ofte n approximat e rea l 

system s b y assumin g processe s follo w suc h trajectories .  Thes e approximation s include : 

- constant volume, or isometric 

-  constan t  pressure ,  o r  isobari c 

-  constan t  temperature ,  o r  isotherma l 

-  adiabatic ,  ie. ,  n o hea t  flow  crosse s th e syste m boundary . 

For example, boiling is generally approximated as an isothermal process. These exact 

distinction s ca n b e draw n abou t  th e processe s i n th e Q P model .  Isometric ,  isobaric ,  an d 

isotherma l  processe s ca n b e recognize d b y notin g th e sig n o f  th e appropriat e derivative .  Adiabati c 

processe s ca n b e recognize d b y th e absenc e o f  activ e hea t  flow  processe s betwee n th e syste m an d 

it s environment . 

'QP E i s a n envisione r  fo r  Q P theory .  Fo r  detail s se e [9] . 
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2. 7 P O I N T A N D P A T H Q U A N T I T I E S 

Thermodynamics distinguishes between path-independent and path-dependent parameters. 

Path-independen t  parameters ,  als o know n a s poin t  propertie s o r  stat e function s o f  a  substance , 

includ e temperature ,  pressur e an d volume .  The y ca n b e determine d directl y fro m th e curren t 

value s o f  othe r  parameters .  Fo r  example ,  fixing  th e pressur e an d volum e o f  a  ga s uniquel y 

determine s it s temperature .  Path-dependen t  parameter s (ofte n calle d "absolut e flows")  ar e 

integral s o f  flow  rates .  Example s includ e work ,  mas s flow,  an d hea t  flow.  Computin g 

path-dependen t  parameter s require s histories .  Fo r  example ,  th e amoun t  o f  wor k require d t o 

compres s a  ga s fro m stat e S i  t o 5 2 depend s o n ho w th e compressio n i s done .  Compressio n m a y 

occu r  isothermally ,  adiabaticall y o r  alon g som e arbitrar y path . 

Path-independen t  parameter s ar e alway s explici t  propertie s o f  individual s i n th e Q P domai n 

model .  Flo w rate s ar e alway s explici t  propertie s o f  processe s i n th e Q P domai n mode l  (e.g. , 

mass-flow-rate ,  heat-flow-rate) .  Sinc e SCHIS M currentl y focuse s o n steady-stat e problems ,  w e 

hav e no t  ye t  implemente d path-dependen t  properties . 

3 EXTRACTING EQUATIONS 

The interaction of qualitative and quantitative reasoning used in classical thermodynamic 

analyse s i s c o m m o n i n th e interdisciplinar y field  calle d mathematica l  modelling .  Expert s i n th e 

field  regar d mat h modellin g a s somethin g o f  a n ar t  [16] : 

"It should now be apparent that an understanding of the scientific motivation of 

th e proble m an d th e abilit y  t o us e heuristi c reasoning ,  a s wel l  a s manipulativ e skill , 

ar e essentia l  t o th e practic e o f  applie d mathematics. " 

We claim mathematical modelling of physical phenomena begins with a qualitative model. 

Equation s ar e extracte d fro m th e qualitativ e mode l  unti l  a  tractabl e close d se t  i s obtained .  A 

close d se t  o f  equation s i s a  se t  o f  n  independen t  equation s tha t  contain s n  o r  fewe r  unknowns .  I f 

th e equation s ar e intractable ,  simplifyin g assumption s ma y b e adde d t o th e qualitativ e model .  A n 

exampl e o f  a  simplifyin g assumptio n i n thermodynamic s i s adiabaticit y o f  a  process . 

The equation s whic h ca n b e extracte d fro m a  mode l  ca n b e divide d int o thre e classes .  Domai n 

principle s P  includ e fundamenta l  law s an d empirica l  correlation s suc h a s conservatio n o f  mas s 

and equation s o f  state .  Domai n definition s D  introduc e ne w quantitie s b y definin g the m i n term s 

of  existin g ones .  A n exampl e i s th e efficienc y o f  a  syste m behavin g a s a  hea t  engine ,  whic h i s 

define d t o b e th e rat e o f  wor k flowing  int o th e syste m divide d b y th e rat e o f  wor k flowing  out . 

Qualitativ e identitie s I  ar e equation s tha t  ar e derivabl e directl y fro m relation s i n th e qualitativ e 

model .  Fo r  example ,  th e qualitativ e mode l  o f  a  d a m m e d rive r  a t  stead y stat e wil l  includ e th e 

relatio n tha t  th e flow  rat e o f  wate r  int o th e lak e equal s th e flow  rat e o f  wate r  out . 

I n thermodynamics ,  extractin g a n equatio n fro m a  qualitativ e stat e consist s o f  tw o steps :  (1 ) 

choosin g a  contro l  volum e t ;  fro m th e se t  o f  possibl e contro l  volume s V ,  an d (2 )  applyin g t o tha t 

contro l  volum e a  domai n principl e peP ,  domai n definitio n deD ,  o r  qualitativ e identit y  iel . 

The numbe r  o f  possibl e equation s tha t  ca n b e extracte d fro m a  give n qualitativ e stat e i s thu s 

I  F  X  ( P U j D U  / )  | .  Thi s numbe r  ca n b e enormous .  I n thermodynamics ,  choosin g th e righ t 

contro l  volume s i s crucia l  t o th e efficien t  searc h o f  th e equatio n space .  Fo r  example ,  instantiatin g 

th e idea l  ga s la w fo r  a  containe d ga s abou t  whic h nothin g i s know n introduce s fou r  ne w variables : 

th e temperature ,  pressure ,  volum e an d mas s o f  th e containe d gas .  Thi s move s u s furthe r  fro m th e 

goal  o f  a  close d se t  o f  equations . 
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While the qualitative model provides all possible control volumes, the subset which is actually 

usefu l  tend s t o b e small .  W e hav e develope d a  heuristi c techniqu e fo r  orderin g th e possibilities . 

Th e contro l  volume s ar e divide d int o lexicographicall y ordere d classe s usin g five  essentiall y 

qualitativ e criteria : 

1. Boundary Conditions: Prefer systems which border goal flow rate quantities. 

2.  Geometry :  Prefe r  system s whos e boundarie s ar e crosse d b y fewe r  flows. 

3.  Numbe r  o f  Knowns :  Prefe r  system s containin g man y know n quantities . 

4.  Boundar y Homogeneity :  Prefe r  system s wher e onl y a  singl e typ e o f  flow  (e.g. ,  onl y hea t 

flow)  crosse s it s boundary . 

5.  Interna l  Complexity :  Prefe r  smaller ,  simple r  contro l  volumes . 

In the example below, these heuristics enabled SCHISM to narrow its search to a small fraction 

of  th e tota l  equatio n space . 

4 HOW SCHISM WORKS 

SCHISM is an approximately 7000 line lisp program consisting of three major parts that perform: 

(1 )  qualitativ e teleolog y analysi s o f  progra m input ,  (2 )  equatio n spac e searching ,  an d (3 )  symboli c 

mat h manipulations .  I t  take s fou r  inputs :  (i )  th e intende d functio n o f  th e system ,  (« )  a n 

envisionmen t  o f  th e syste m (generate d b y QPE) ,  (m" )  a  se t  o f  quantitativ e fact s an d mezisurement s 

of  th e system ,  an d (tv )  a  goa l  quantity . 

SCHISM begin s a n analysi s b y verifyin g tha t  th e apparatu s behave s a s intended .  I t  doe s thi s b y 

examinin g QPE' s envisionment .  Currently ,  SCHIS M recognize s tw o classe s o f  thermodynami c 

systems ,  heat-engine s an d heat-pumps .  I f  th e expecte d behavio r  i s tha t  o f  a  heat-engine ,  SCHIS M 

check s tha t  som e stat e i n th e envisionmen t  satisfie s th e followin g thre e criteria :  (l )  i t  contain s a 

close d M C cycle ,  (2 )  i t  ha s a  ne t  flow  o f  wor k ou t  o f  th e system ,  an d (3 )  i t  transfer s hea t  fro m a 

hotte r  plac e t o a  colde r  place .  Ejic h o f  thes e propertie s ca n b e determine d directl y b y inspectin g 

th e qualitativ e situation .  Thi s increase s SCHISM' s robustnes s b y allowin g i t  t o detec t  a  clais s o f 

nonsens e questions . 

SCHISM organize s it s searc h throug h th e equatio n spac e a s a n A N D / O R tree ^  wit h th e roo t 

goal  nod e bein g t o sho w tha t  th e goa l  quantit y i s known .  T o solv e fo r  th e goa l  quantity ,  equation s 

ar e extracte d tha t  contai n th e sough t  quantity .  Closin g thes e equation s becom e th e subgoal s o f 

th e root .  Th e unknow n quantitie s i n thes e subgoal s ar e the n sough t  a t  th e nex t  leve l  o f  th e tree , 

and s o forth .  Durin g th e search ,  SCHIS M migh t  choos e t o focu s o n a  ne w contro l  volum e fo r  eac h 

sough t  quantity ,  usin g th e heuristic s describe d earlier . 

Once a  close d se t  o f  equation s containin g th e sough t  quantit y i s found ,  th e equatio n spac e 

searc h halts .  Th e final  expressio n fo r  th e goa l  quantit y i s foun d b y solvin g th e se t  o f  equation s vi a 

substitution .  SCHISM' s symboli c mat h packag e include s a  canonica l  rationa l  functio n manipulato r 

t o perfor m simplificatio n o f  mos t  mathematica l  expressions .  Th e isolation ,  collectio n an d 

attractio n method s o f  Bund y [3 ]  ar e use d fo r  extractin g variable s fro m equations . 

5 AN EXAMPLE 

The following example is taken from [13]. In the text, Haywood introduces the steam plant shown 

i n figure  5  b y describin g it s parts ,  structur e an d qualitativ e behavior .  Th e stea m plan t  consist s o f 

^We us e a n extensio n o f  th e AO-SOLVE syste m describe d i n [lO] . 
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Figur e 1 :  A  Stea m Plan t 

a turbine ,  condenser ,  fee d pump ,  boiler ,  hig h temperatur e furnace ,  lo w temperatur e coolin g 

water ,  an d a  gea r  bo x fo r  splittin g wor k output .  Wate r  enter s th e boile r  a t  a  lo w temperatur e an d 

leave s a s high-pressur e steam .  I n th e boiler ,  th e fluid  remain s a t  approximatel y constan t  pressur e 

whil e hea t  flows  t o i t  fro m th e furnace .  Th e stea m flows  throug h th e turbine ,  droppin g i n 

pressur e an d temperatur e whil e producin g work .  Th e lo w temperatur e stea m i s the n condense d a t 

ver y nearl y constan t  pressur e whil e hea t  i s transfere d t o th e coolin g water .  Th e condensat e i s 

the n pumpe d fro m th e condense r  int o th e boile r  an d th e cycl e repeats . 

The proble m statemen t  is : 

1.1. In a test of a cyclic steam power plant, the measured rate of steam supply 

was 7. 1 kg/ s whe n th e ne t  rat e o f  wor k outpu t  wa s 500 0 k W .  Th e fee d wate r  wa s 

supplie d t o th e boile r  a t  a  temperatur e o f  38°C ,  an d th e superheate d stea m leavin g 

th e boile r  wa s a t  1. 4 M N / m ^  an d 300°C .  Calculat e th e therma l  efficienc y o f  th e cycle . 

From a QPE envisionment, SCHISM locates a contiguous set of control volumes (labelled 1 in 

figure  5 )  whos e combine d behavio r  doe s indee d matc h tha t  o f  a  hea t  engine .  Sinc e th e goa l 

quantit y refer s t o a  hea t  engine ,  thi s i s th e initia l  syste m choic e fro m whic h equation s ar e 

extracted . 

A commonl y use d heuristi c i n th e analysi s o f  thermodynami c flow  processe s i s plunkin g (a s i n 

7] )  o f  a  system' s mas s flow  rate .  A  plunke d quantit y i s permitte d t o appea r  a s a  constan t  i n th e 

final  solution .  Th e plunkin g o f  a  system' s mas s flow  rat e i s equivalen t  t o basin g it s analysi s o n th e 

assumptio n o f  a  uni t  mas s flow  rate .  I n thi s example ,  SCHIS M infer s tha t  th e close d cycl e ha s a 

mass flow  rat e o f  7. 1 kg/ s sinc e tha t  i s th e give n flow  rat e o f  stea m enterin g th e turbine .  Becaus e 

th e mas s flow  rat e o f  th e hea t  engin e i s known ,  SCHIS M elect s no t  t o us e th e plunkin g heuristic . 

SCHISM nex t  initiate s a  searc h throug h th e equatio n space .  I n ou r  example ,  th e contro l  volum e 

heuristi c guide s SCHIS M t o conside r  seve n system s ou t  o f  a  possibl e 64 .  T w o o f  th e seve n system s 

prov e usefu l  fo r  extractin g a  se t  o f  close d equations . 
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(1 )  Pl-ElQ.n/ElM'ou t  (2 )  "LlWout^Wr^^ t 

(3) iy„,t = 50oo (4) El Qm = Q.n 

(5) E2"^ + E2Q + E2W'-0 (6) E2Q = E2Q.n-E2<3out 

(7) T,^Q^n=Qin (8) E2 Qout = 0 

(9) E2 ^ = E2 ^in - E2 ^^out (10) E2 "^ = E2("^).n - "L^iriHUt 

(11 )  E2W^ m =  0  (12 )  E2W^out= 0 

(13) E2("^)- = «3i/3 (14) E2(n^)out = n4i/4 

(15 )  H 3 =  Table{H ,  water,liquid,T3 )  (16 )  H 4 =  Table{H,water,gas,T4,P4 ) 

(17) na = ni (18) «< = 7.1 

(19) ni = n4 (20) 7^3 = 38 

(21) T4 = 300 (22) P4 = 1.4 

(23) Ta6/e(i/,u;ater,/t9utcf,38) = 159 (24) Ta6/e(i/, u;ater,yas, 300,1.4) = 3041 

Notation: Thermodynamic symbols cire defined below. Subscripts and summation indices refer to the 

contro l  volume s an d location s show n i n figure  5 .  Fo r  example ,  YI 2 Q  denote s th e su m o f  th e hea t  flow  rate s 

int o an d ou t  o f  contro l  volum e 2  (th e boiler) .  W e us e Table{H,water,ga3,Ti ,  P4 )  t o denot e th e tabulate d 

intensiv e (ie. ,  pe r  uni t  mass )  enthalp y valu e o f  wate r  vapo r  a t  locatio n 4 . 

Q = heat flow rate W = work rate n = mass flow rate 

H =  intensiv e enthalp y T  =  temperatur e P  — pressur e 

p — efficienc y 

Figure 2: Steam plant equations generated by SCHISM 

SCHISM spawn s a  tota l  o f  5 6 equations ,  2 4 o f  whic h for m a  close d se t  (se e Figur e 5) . 

Substitutio n o f  equation s i s the n performe d o n th e close d se t  t o produc e a  final  expressio n fo r  th e 

sough t  quantity :  0.24 4 (i.e. ,  24.4% )  whic h i s th e correc t  answer . 

6 DISCUSSION 

We have shown how the language of QP theory is well suited for representing qualitative 

knowledg e i n th e domai n o f  engineerin g thermodynamics ,  an d ca n serv e a s a  framewor k fo r 

organizin g othe r  kind s o f  knowledge .  Th e qualitativ e mode l  provide s fou r  essentia l  functions :  (l ) 

recognition/verificatio n o f  th e system' s intende d behavior ,  (2 )  establishin g th e se t  o f  possibl e 

contro l  volumes ,  (3 )  heuristi c guidin g o f  th e selectio n o f  contro l  volume s i n equatio n extractio n 

(4 )  establishin g th e se t  o f  qualitativ e identitie s whic h contribut e equation s t o th e close d set . 

Whil e w e d o no t  vie w SCHIS M a s a  cognitiv e simulatio n pe r  se ,  w e believ e tha t  ou r  mode l  fo r 

ho w qualitativ e an d quantitativ e knowledg e interac t  ca n provid e a  riche r  framewor k fo r  explainin g 

psychologica l  data .  Fo r  example ,  "keyword s i n th e [problem ]  statement "  hav e bee n conjecture d a s 

th e basi s fo r  ignorin g variable s o r  settin g thei r  value s t o zer o [l] ,  whic h i n SCHIS M fall s ou t 

throug h qualitativ e analysis .  Furthe r  psychologica l  studie s migh t  revea l  a  novice-exper t  shift , 

wit h novice s usin g surfac e feature s an d expert s relyin g o n a  generativ e qualitativ e analysi s [ 4 . 

898 



S K O R S T AD &  F O R B US 

At present SCHISM has been successfully tested on three examples, all from Chapter One of 

13] .  Ou r  pla n i s t o continu e workin g throug h th e textbook ,  seein g ho w muc h o f  i t  w e ca n maste r 

by augmentin g th e se t  o f  equation s an d domai n mode l  a s necessary .  A n interestin g questio n w e 

hope t o answe r  i s ho w larg e a  rol e eac h kin d o f  knowledg e play s i n masterin g thes e problems .  Fo r 

example ,  w e currentl y suspec t  tha t  th e numbe r  o f  specialize d equation-solvin g technique s wil l 

continu e t o gro w wit h th e numbe r  o f  examples ,  whil e th e qualitativ e mode l  wil l  stabiliz e mor e 

quickly .  A s w e exten d th e rang e o f  problem s SCHIS M ca n solve ,  w e hop e t o compar e it s 

performanc e wit h huma n subjects . 
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