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/  lg"i-espa  1 Computer  Simulation  of  Physiological Responses  to Heat and  Exercise

                     Professor  Stephan Konz and  C, L. Hwang

        Departrnent of  Industrial Engineering,  Kansas State University

                    Manhattan, Kansas 66506 USA

      An extensive  modfification  has been made  of the Stolwijk (1970) computer

/-odii･1  of  human thermoregulation.  The modifications  and  their validation  are

de3crU･ed fin more  detail in Konz et  al  (1977). For a literature  survey  on

irathcernatical  models  of  thermoregulation,  see  Hwang and  Konz (1977).
:-ludeLLst!.e-sgc[l.gY±gn:ti n--overview  The body is divided  into 6 segments  (head, trunk,

tir'r't-, ha'nds, legs and  feet) each  of  which  is subdivided  into core,  muscle,  fat

enri  g.kin for a total of  24 e]ements.  Blood flow  between the cores  of  the 6 segments

i! through  a hypothetical 
''central

 blood compartment"  so  there  are  24 +  l =  25

pler:ents  in a]l.  Periodically  the  computer  prograrn computes  a heat balance for

eitich of  the 25 elements.

      The heat balance at  each  element  is composed  of  heat generatfion (･mfntabolism),
Iieai input,  and  heat output.

      P･letabolism is composed  of  basal metabolism,  activity  metabolism,  and  the

QIC effect.  For the three finterior layers (core, muscle  and  fat), heat input

and  output  are  through  conduction  and  convection  (blood flow). The fourth layer

<Ek.irD, has, in addition,  heat exchange  with  the  environment  through  evaporation,

r:onvection  and  radiation.  In addition  the  core  compartment  of  the  torso  has

evaporative  heat exchange  with  the environment  Crespiration).
E)･CL.gyLtrmed igRLu.! The prograffi has been "individualized"

 to predict  for individuals

Of  specific  characteristics.  This pe)rmits better comparison  with  speci.f:Lc

experimental  data and,  hopefully, will  lead to better predictions  and  T}iode]s.

The user  enters  AGE, WEIGHT, HEIGHT, SEX, and  FITNESS; for example,  46 years,
68･2 kg, 175 cm,  male,  dnd  good fitness. The user  also  needs  to describe the

taSk  and  environment  and  enters  CLOISEGMENT,  JOB, METABOLISM,  AIR TEITIPERATUREI

S[GMENT, AIR VELOCITy, RADIANT TEMPEFUXTURE, RELATIVE HUMIDITY, and  BAROI{ETRIC
PRESSURE. For example,  clothing!segment  of  O, .3, .05,  O, .3  and  .1;

'v`alk-run,
 4eO Watts, 21.] c, 3.3 m!s,  21.1 C, .7,  and  736 ma  Hg. It is possible

to var'y  JOB,  METABOLISM,  AIR TEFIpERATuRE, AIR VELOCITY, RADIANT  TEMPERATURE  and

R[LATIVE HUMIDITY  during  the simulation.  For example,  a man  might  walk  at  a

Metabolic  rate  of  250 W in a 25 C environment  for 30 minutes  and  then sit  at

leC W in a 20 C environment  for  40  minutes.

                                         
''
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}Olyy2y!t t The program  
''tells

 all''.  Some of  the su[nmary  outputs  are  the subject's

cunfort  vote,  the  cardiac  output,  skin  blood f]ow, stroke  volume,  hear't rate,

percefived exertien,  metabol'ic  netht. productiort,  mean  boct>･ r'emperature,  rectol

temperature,  mean  skin  leu･iperatur'e, eral  t' en'perature,  evaporative  wdter  loss and

salt  loss.

!resA!!ga IJ/Lesgy.a.1!lguE.t Periodica"y  tiie compu  t.er ca)culates  the  error  (or difference)
between ternperature, T(?O, and  $et･ teraperature, T･SET(N), for each  of the  7,5

compartments:

      ERROR (l") =  T(",i> - TSET!,IN) t  RATEI (iO rk
 F<;･O

The  RATE(N)*F(rO  term is ava"able  fu･y' V,iose who  belie.ve there is a mu]taplicative

effect.  In our  sitnulations,  Rli,T[- (FO =  O.

      Second, the coLnptite!' checks  trein .s i･gii ef  the error.  If･ ERROR (N> is

positive,  it is veaef7ine･ri･  a3  1･jAl'<'rfi,;l･:>; i:t np.g.ative,  it is redefined  as  C;;)LD(N).

      Third, the compuler  cal  
'i
 ii forti'/ once or  rnore  of･ the 

'four
 cont,roller

actions:  sweat  on  tne L,;･'i:': ln,･'::'t' <:,:iL'iii･ll:･ .  n,'ediT"i,' skin･ blood floi,v ,JILAT  or  f)' I-PIC),

or  shiver  in the mus,  ]e, 1･d.ut'r 1[}{IL!..).

      SWEAT =  CSN 
*
 ER:<(iR<i' 

,･
 ; s.'LL･･{- vvl,I,Flrrtr5-･c';OLDS]' , PSW 

±
 EP.R9R(1)t

        (WARMS-COLDS)
      DILAT =  CDIL t

 ERReR(i)/ 
"-
 1i]i),IL 

t
 ('pt'AR}･IS-COLDS) +  F]DIL 'r

 "it'RRMS<V't

        IJARMS

      STRIC =  -CCON  
.
 ERROR(1) - SCON de

 /IWARMS-COLDS) + PCON-r

        COLDO) 
t
 COLDS

      CHILL =  -CCHIL  tERROR(])  - 3{;Hli k
 <WARedGS-COLDS)/ +  PCHILt

        ERROR<1) 
.
 (WARMS-COI-DS).

      Each of  the four convnands  1{.'･ ,ionr,iaered  to bc r.he sum  of  d 
','ignal

 from the

hypathalamus,  ERROR(]),  and  ti':e stn'n f,V"'.IXRMS - COLD･Sl:. If y"u beljFve  the two

signals  add,  then  set  PSt", PI)IL. PCCN  dfid  PCHIL  
=
 O nx, ive  diil. If .'fou bc,ilievFt

the two  signals  multiply,  then set  E,.SL･;. SDI･ L･ .  S･CCS4 X;･D SC.HI,L :  O' tind  CF;N,

CDIL, CCON, and  CCHIL  =  O.

      Fourth, the  coinputer  translatep,  the  cemmand  into  
:'act,ion".

 Respiratory

loss is a function  of  irietJabolic  rute:･  arg.i Gnvironme"t･.],l  vapor'  pressure  so  
'tt

 w"l

not  .tthange unless  metabolig,n  dnd  vapor  i,)r'-r, 
c･･.:re

 che.nqe  dur`]f,] the ;imulation.

[vaporation  frorn the  third layei' <skir/' ,, tt. Clg + .'.). is +.he  ,tum  of  tv'Jsal (diffusion)
EF", (:" +  3). and  sweat  for  coo"ng:

      [･ (U +  3) =  EB CN +  r,): +  SKINS(1)i2- fi((T/(N
 + 3) - TC,FT (N +  t,))14.)

The Ll i･,:I' r･{S<-]) tnurm co･ns'iders  the  var,"ying  arTnunt  of  s-weat  g]andc. on  the six

b/T,fdy etrt::ei/t･.r,. T/ he :'--:･','iir"ed-t{)･-a-pirw･er teqi/ att.empts･  "..o le+. th,e local c,kin

t.or}lpev'b.t'j,c, Tt/orlifv  t!,FA 
i'i'.raUis"

 
tv'f?;'･t

 fJommund.
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　　　　　　「ifth ，　the　computer 　model 　compares 　the　desired　sweat 　rate 　to

the　liT
．
uits 　imposed　by　the　environment

，　EMAX
，　and 　by　the　sweating 　ability

‘，コ　f　the　body ，　MAXSBY．

　　　　　　EMAX （1）　二 　（PSKIN　−　PAIR）　★ 　LR　★ 　（HC（1））　★　S（1））

” h〔・re 　PSKI撹　is　the　water 　vapor 　pressure　on 　the　skin ，　PAIR 　is　the　air 　
’
vJ∂ter

》apor 　pressure ，　LR　is　the　Lewis　ratio ，　HC（1）　is　the　convection 　heat　transfer

1二こ〕eff
’icient　and 　S（1）　is　the　surface 　area 　of 　the　six 　segments ．

　　　　　　MAXSBY　＝　SWGPSM　★　SA　t　SWFACC　★　SWFSEX

曲 ， SWGPS図 i，　th， 。axi 。 、m 、w ，、 t　i，　g，am 、／。
2

，

　SA　i、　b。dy 、urface 　area ，

　SレIFACC

i〜　th∈　dcclimitization 　factor ，　and 　SWFSEX　is　the　proportion　of 　fema τe 　sweat 　to

lilale 　（SWrFsEx　＝ 　1・O　for　 males 　and 　．67　for　females　in　our 　sirrlulations ）．

　　　　　　Sixth ，　if　E　（N＋3）　is　greater 　than 　ENAX，　the 　sweat 　heat　removal 　is　limited

：o 　the　heat　equivalent 　of 　EMAX　but　the　water 　loss　is　limited　to　the　value 　IUAXSBY．

了1
｝e 　water 　loss　tha℃　is　not 　evaporated 　is　considered 　either 　to　form 　a　film 　on　the

．・．kin
， 　FIL鬥（N＋ 3）， 　to　be　adsorbed 　into　the　clothing 　on 　that 　segment ，　CLOWATOO ，

・’ド　t（）　dr京p　on 　the　ground，　DRIP（N＞，　　The　total　water 　los3　is　cumu ｝ated 　as 　is　the

total　sodium 　and 　potassium 　loss．

　　　　　At　this　point ，　each 　of 　the　six　skin 　compartrr 】ents 　has　had　its　he∂t

i．ontent 　and 　thus　terrlperature　changed 　due　to　evaporatioll ・　　Other　ca1 〔二uldtiQns

take ρlace　for　 convection ， 　conduct うon 　and 　radiation 　to　yie ］d　a　new 　hedt　balance

ナ
．
or 　each 　Qf 　the　25　compartments ．

　　　　　　Periodically 　during　the　simulation 　the　computer 　calculate 〜　e．　 new 　heat

balance．　 The　program 　has　a 　limit　that　no 　compartment 　carl 　 ch αnge 　 Plore 　thdn

．｝　O！｛teration 　so 　if　there 　are 　 major 　changes 　in　heat　flow 　（and 　thu3 　cl｝mpa ≧
−tment

tE・fiipe｝
、atures ），　the　iteratiQns　occur 　more 　often ．

1
強 lidation　　Konz　et 　a1 　（1977）　give　more 　details　on 　experir 汽ental 　

．，
．
alfi〔1∂tic）T

’
i．

The　situd しiGrl　sirnuiated 　wds 　a　sitting 　（130　冒）　male 　（2］　yr ，　17ア　c「｛　tall ，　76 ． 5　kg＞

with 　．】　clQ 　（shorts ）　on 　the 　torso ，　with 　an　environmental 　air 　te階 peヤ^ature 　of
サ　　　
4 」。3　C，　veioc

．ity　of 　r 〕　n1／s
，　45f・；　relative 　humidity　and 　radiant 　temperati 」〜

『e　Gf

42．8　C．　
一
「h『is　situdtion 　was 　simulated 　since 　we 　had　experfimental 　data 　on 　this

Eubject 　for　three　diffet
、ent 　days　for　about 　120　minutes 　edch 　day．　　The　deviat

”ion

be τ二ween 　the　mean 　of 　the　three　experimenta
’
t　values 　at 　each 　］O　minute 　interval　and

しr」e　predicted　value 　was 　calculated ；　then　the　mean 　of 　the　absolute 　va ］ues 　of 　the

〔1fe＞1atlons 　over 　the　tlme ，　d ，　was 　Ga ］culated 　for　different　outputs 凾

　　　　　Rectal 　temperature　hdd　a　mean 　deviation ，　d，　of 　gl 　C．　　Head　skin 　temρerature

had　a　mean 　of 　．4　C．　　Trunk　5k1 昌　Ldd　a　］！ean 　of　．6　C．　　Arm　skin 　hdd　a　mean 　of 　．9　C，

1．e⊆｝　sk ｛n　had 　a　medn 　of 　・4　C・　　1　
’lea「三　Elk

’in　
’i　er「…Pe 「 atu 「e 　had　∂　mean 　ef 　’4　C　a ＄　the

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　 N 工工
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deviations  in various  body segments  tended to cancel  each  other.  tLlean body

temperature  had a deviation  of  .2  C.

      Evaporative  loss was  predictecl with  a mean  deviation  of  31 L{atts.

      Since this  data has been reported  we  have valadated  our  rnodel on males

exercising  in a variety  of  coinfor";able  and  warm  environments.  The temperature

deviations above  are  typfical and  heort rate  usually  is predicted within  5 to 10

beats/min.

tAs.tsr!g!!.!.ggggg]gnj!k lno  ]ed e e t: This  research  was  supported  in part by NSF Grant Uo. ENG-7303676.
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