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Abstract: Numerical heat-transfer and turbulent flow model for an industrial high-pressure gas quenching vacuum 
furnace was established to simulate the heating, holding and gas fan quenching of a low rhenium-bearing Ni-based 
single crystal turbine blade. The mesh of simplified furnace model was built using finite volume method and the 
boundary conditions were set up according to the practical process. Simulation results show that the turbine blade 
geometry and the mutual shielding among blades have significant influence on the uniformity of the temperature 
distribution. The temperature distribution at sharp corner, thin wall and corner part is higher than that at thick wall 
part of blade during heating, and the isotherms show a toroidal line to the center of thick wall. The temperature 
of sheltered units is lower than that of the remaining part of blade. When there is no shelteration among multiple 
blades, the temperature distribution for all blades is almost identical. The fluid velocity field, temperature field and 
cooling curves of the single and multiple turbine blades during gas fan quenching were also simulated. Modeling 
results indicate that the loading tray, free outlet and the location of turbine blades have important influences on the 
flow field. The high-speed gas flows out from the nozzle is divided by loading tray, and the free outlet enhanced 
the two vortex flow at the end of the furnace door. The closer the blade is to the exhaust outlet and the nozzle, the 
greater the flow velocity is and the more adequate the flow is. The blade geometry has an effect on the cooling for 
single blade and multiple blades during gas fan quenching, and the effects in double layers differs from that in single 
layer. For single blade, the cooing rate at thin-walled part is lower than that at thick-walled part, the cooling rate at 
sharp corner is greater than that at tenon and blade platform, and the temperature at regions close to the internal 
position is decreased more slowly than that close to the surface. For multiple blades in single layer, the temperature 
at sharp corner or thin wall in the blade that close to the nozzles is much lower, and the temperature distribution 
of blades is almost parallel. The cooling rate inside the air current channel is lower than that of at the position near 
blade platform and tenon, and the effect of blade location to the nozzles on the temperature field inside the blade is 
lower than that on the blade surface. For multiple blades in double layers, the flow velocity is low, and the flow is not 
uniform for blades in the second-layer due to the shielding of blades in the first-layer. the cooling rate of blades in 
the second-layer is lower than that in the first-layer. The cooling rate of blade close to the nozzles in the first-layer is 
the higher than that of blade away from the nozzles in the second-layer, and the temperature distribution on blades 
in the same layer is almost parallel. The cooling rate in thin wall position of blade away from the nozzles is larger 
than that in tenon of the blade closer to the nozzles in the same layer. The cooling rate for blades in the second-
layer is much lower both in thin wall and tenon for blades away from the nozzles.
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T   u rb i ne b lad es are su b j ected  to ex tremely  severe servi ce 
envi ronment i nsi d e a g as tu rb i ne eng i ne,  i nclu d i ng  hi g h 

w ork i ng  temperatu re,  hi g h pressu re,  hi g h speed  rotati on,  
complex  w ork i ng  stress,  and  g as corrosi on and  erosi on 
cond i ti ons.  T hi s cou ld  resu lt i n b lad e f ai lu res,  w hi ch can 
cri pple the eng i ne perf ormance.  T he tu rb i ne b lad es theref ore 
mu st b e caref u lly  d esi g ned  and  manu f actu red  to w i thstand  
the strenu ou s envi ronment [ 1 - 4 ] .  N i - b ased  su peralloy s are 
the opti mu m materi als u sed  f or f ab r i cati ng  tu r b i ne 
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b lad es of  ai rcraf t eng i nes and  i nd u stri al g as tu rb i nes d u e to thei r 
ex cellent tensi le properti es,  creep ru ptu re,  and  f ati g u e properti es,  
su peri or resi stance to ox i d ati on and  hot corrosi on,  and  g ood  
mi crostru ctu re stab i li ty  at hi g h temperatu res [ 1 - 5 ] .  T o achi eve 
the req u i red  hi g h temperatu re properi tes,  especi ally  hi g h creep 
streng th of  tu rb i ne b lad es,  N i - b ased  su peralloy s w ere d eveloped  
f rom conventi onal cast i n g  alloy s to si n g le cry stal alloy s 
characteri z ed  b y  ad d i ng  i ncreasi ng  amou nts of  d ense ref ractory  
elements su ch as Re and  Ru  [ 6 - 1 1 ] ,  and  the tu rb i ne b lad es w ere 
evolved from conventionally solidified equiaxed-grained blades 
to directionally solidified columnar-grained and  single crystal 
b lad es [ 1 - 3 ,  5 ,  1 2 - 1 3 ] .  

Du ri ng  the i nvestment casti ng  process of  si ng le cry stal tu rb i ne 
b lad es,  pri mary  γ d end ri te soli d i f i cati on i s accompani ed  b y  
solu te parti ti oni ng  at soli d - li q u i d  i nterf ace [ 1 4 - 1 6 ] .  S ome solu te 
elements seg reg ate to the d end ri te core,  w hi le other solu te 
elements seg reg ate to the i nterd end ri ti c li q u i d ,  w hi ch lead s to 
the f ormati on of  non- eq u i li b ri u m i nterd end ri ti c consti tu ents,  
i ncl u d i n g  the coarse,  i rre g u lar shaped  and  i ncoherent γ '  
preci pi tates and  a hi g h volu me f racti on of  coarse eu tecti c γ/ γ' ,  
resu lti ng  i n severe chemi cal seg reg ati on across the mi crostru ctu re 
of  si ng le cry stal tu rb i ne b lad es [ 1 4 - 1 6 ] .  T he i nterd end ri ti c coarse 
γ'  preci pi tates,  i ncoherent γ- γ'  i nterf ace,  u nd i ssolved  eu tecti cs γ/
γ ' ,  severe chemi cal seg reg ati on i s d etri mental to the streng th,  
creep ru ptu re resi stance and  f ati g u e properti es of  si ng le cry stal 
tu rb i ne b lad es [ 1 4 - 2 1 ] .  C onseq u ently ,  the as- cast si ng le cry stal 
tu rb i ne b lad es mu st b e solu ti on heat treated  to d i ssolve eu tecti c 
γ/ γ' ,  mi ni mi z e chemi cal seg reg ati on,  and  solu ti oni z e the coarse 
γ '  preci pi tates f or repreci pi tati on d u ri ng  su b seq u ent ag ei ng  
heat treatments to conf er the mechani cal properti es at hi g h 
temperatu res.  T o mi ni mi z e the i nci pi ent melti ng  resu lted  f rom 
the hi g hly  seg reg ated  as- cast mi crostru ctu re,  stepw i se solu ti on 
heat treatment schemes are u ti li z ed  to homog eni z e the si ng le 
cry stal tu rb i ne b lad es.  T he si ng le cry stal tu rb i ne b lad es are 
solu ti oni z ed  u nd er A r atmosphere i n a vacu u m heat treatment 
f u rnace and  rapi d ly  g as f an q u enched  u si ng  hi g h pu ri ty  f orced  
argon flow giving an appropriate cooling rate at the final soak 
cycle. According to the change of temperature field, the solution 
heat treatment i s composed  of  vacu u m heati ng ,  hold i ng ,  and  g as 
f an q u enchi ng  process.  Du e to the poor thermal cond u cti vi ty  and  
complex  stru ctu re of  si ng le cry stal tu rb i ne b lad e components,  
preci se control of  the thermal hi story  d u ri ng  processi ng  i s need ed  
to avoi d  i nci pi ent melti ng  and  to d evelop opti mi z ed  mechani cal 
properti es f or servi ce appli cati ons.  

T r i al - and - error proced u res are ad opted  to opti mi z e the 
processi ng  cond i ti ons f or the heat treatment of  si ng le cry stal 
tu rb i ne b lad es and  consi d erab le reli ance i s placed  on empi ri ci sm 
and  practi cal ex peri ence.  H ow ever,  w i th the rapi d  ad vances i n 
computing hardware and software, computational fluid dynamics 
(CFD) has become an effective tool for studying the heat-transfer 
and  f lu i d  f low  prob lems.  I t allow s to i nvesti g ate the ef f ect of  
i nd i vi d u al f actor w i thou t chang i ng  other ex peri mental parameters 
and  provi d es reli ab le mod eli ng  resu lts f or opti mi z i ng  practi cal 
processi ng  cond i ti ons.  P atank ar and  S pald i ng  [ 2 2 ]  presented  
f u rnace si mu lati ons to mod el f lu i d  f low  and  heat transf er i n 

three- d i mensi onal f u rnaces and  q u ali tati ve pred i cti ons show  
g ood  ag reements w i th ex peri mental vali d ati ons.  K ang  and  
Rong  [ 2 3 ]  proposed  a hy b ri d  method  of  analy ti cal eq u ati on and  
nu meri cal calcu lati ons u si ng  empi ri cal correlati ons f or natu ral 
and  f orced  convecti on.  L i  et al.  [ 2 4 ]  researched the effect of heat 
transf er coef f i ci ent,  the preheat temperatu re and  the q u enchi ng  
temperatu re on resi d u al stress,  hard ness,  d i storti on and  other 
q u enchi ng  resu lts i n the process of  hi g h pressu re g as q u enchi ng .  
M orsi  Y ,  et al.  [ 2 5 ]  adopted a transient flow model and Wang et al. 
[ 2 6 ]  estab li shed  the f low  and  heat- transf er mod el to si mu late the 
hi g h pressu re g as q u enchi ng  process of  a larg e H 1 3  d i e b ased  
on the C F D pack ag e,  respecti vely .  N u meri cal si mu lati on has 
b een carri ed  ou t b y  F rancesco C osenti no et al. [ 2 7 - 2 9 ]  to pred i ct the 
temporal evolu ti on of  temperatu re d i stri b u ti on i nsi d e the treated  
component,  to calcu late heat transf er coef f i ci ents,  to analy z e 
the homog enei ty  of  heat transf er,  and  to mod el the f low  f i eld  
i n the f u rnace d u ri ng  heat treatment of  si ng le cry stal N i - b ased  
su peralloy s.  M u ch previ ou s w ork  f ocu sed  on the hi g h pressu re 
g as q u enchi ng  process of  d i e steel.  A lthou g h g as f an q u enchi ng  
process si mu lati on w i th C F D has b een i nvesti g ated  f or vacu u m 
heat treatment of  si ng le cry stal N i - b ased  su peralloy s[ 2 7 - 2 9 ] ,  the 
resu lts have consi d erab le d i screpancy  f or i nd u stri al prod u cti on 
practi ce.  T hey  su b d i vi d ed  the lab oratory  scale vacu u m f u rnace i n 
three separated  mod els,  w hi ch ru n i nd i vi d u ally  and  are cou pled  
b y  transf erri ng  b ou nd ary  cond i ti ons,  and  the ef f ecti ve thermal 
cond u cti vi t y  are neg lected  i n si mu lati on.  T he temperatu re 
distribution for the components is ignored. These simplifications 
and  approx i mati ons may  b ri ng  ou t errors and  d i screpanci es 
f or practi cal vacu u m heat treatment of  si ng le cry stal N i - b ased  
su peralloy s.  

DD6  alloy  i s a low  cost second  g enerati on si ng le cry stal N i -
b ased  su peralloy ,  w hi ch contai ns low er rheni u m,  possesses su peri or 
tensi le properti es,  creep ru ptu re properti es,  ox i d ati on resi stance 
and  hot corrosi on resi stance compared  w i th i ts cou nterparts 
PWA1484, CMSX-4, SC180, and René N5 [30-31] ,  and  can b e 
u ti li z ed  to manu f actu re the tu rb i ne b lad es f or aero- eng i nes and  
i nd u stri al g as tu rb i ne eng i nes.  H ow ever,  nu meri cal mod eli ng  
f or the vacu u m solu ti on heat treatment and  g as f an q u enchi ng  
process of  DD6  tu rb i ne b lad e i s rarely  reported  i n li teratu re.  
T he ob j ecti ve of  present research i s theref ore to sy stemati cally  
i nvest i g ate the vacu u m sol u t i on heat treatment and  g as 
q u enchi ng  process of  DD6  tu rb i ne b lad e.  T he nu meri cal heat-
transfer and turbulent flow model based on the CFD software 
pack ag e and  the practi cal 3 D- reconstru cti on of  an i nd u stri al 
hi g h - pressu re q u enchi ng  vacu u m heat- treatment f u rnace 
i s estab li shed  to si mu late the heati ng ,  hold i ng  and  g as f an 
q u enchi ng  process of  DD6  tu rb i ne b lad es.  

1 Set-up of vacuum furnace chamber
T he hi g h pressu re g as f an q u enchi ng  vacu u m heat treatment 
f u rnace u sed  w as manu f actu red  b y  B ei j i ng  H u ax i ang  V acu u m H eat 
Treatment Equipment Co. Ltd. with the model of HZQ-100. The 
cy li nd ri cal chamb er of  vacu u m f u rnace and  i ts g eometry  are show n 
i n F i g .  1 ( a)  and  ( b ) ,  respecti vely .  T he w ork i ng  d i mensi ons of  the 
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F i g . 1:   C y li n d ri c a l c h a mber of  h i g h  p res s u re g a s  f a n  q u en c h i n g  va c u u m f u rn a c e ( a )  a n d  c orres p on d i n g  
g eomet ry  of  f u rn a c e c h a mber ( b)

F i g . 2:   S c h ema t i c  i llu s t ra t i on  of  f ree- ou t let  c h a mber 
s t ru c t u re

F i g . 3:   S c h ema t i c  i llu s t ra t i on  of  s t a n d a rd  s olu t i on  h ea t  
t rea t men t  s c h ed u les  f or D D 6 a lloy

furnace are 300 mm × 300 mm × 400 mm with a recommended 
load of up to 80 kg and a loading tray made of refractory steel. Gas 
enters the chamb er f rom ci rcu mf erenti al noz z les and  the hot g as 
leaves the heati ng  chamb er throu g h ou tlet.  T he g as i s recy cled  i n a 
continuous gas quenching process when the hot gas flows through 
the heat ex chang er and  cools d ow n.  

T he f ree ou tlet stru ctu re i n the f u rnace chamb er i s show n i n 
Fig. 2. The free outlet is a square outlet of 180 mm × 180 mm, 
w hi ch i s connected  to the ci rcu lati ng  ai r tu b e of  the vacu u m 
furnace. The effect of the free outlet structure on the flow field is 
also consi d ered .  

(a) Cylindrical chamber of vacuum furnace (b) Geometry of the furnace chamber

T he solu ti on heat treatment i nclu d i ng  heati ng ,  hold i ng  and  g as 
f an q u enchi ng  w as perf ormed  accord i ng  to the stand ard  solu ti on 
heat treatment sched u les of  DD6  alloy ,  as show n i n F i g .  3 .  
The temperature program was heating at 3 ºC•min- 1  f rom room 
temperature to 1,290 °C. The turbine blade was heat treated at 
1,290 °C for 1 h, 1,300 °C for 2 h, and 1,315 °C for 4 h. At the 
final stage of solution heat treatment, the turbine blades were 
i mmed i ately  g as f u rnace q u enched  u si ng  hi g h pu ri ty  f orced  hi g h 
pressure argon flow with a cooling rate larger than 300 °C•min- 1 .  

2 Formulation of vacuum solution 
heat treatment process

2.1  T ra n s p ort  eq u a t i on s  i n  h ea t i n g  a n d  
h old i n g  s t a g e

I n the heati ng  stag e,  the heat transf er mod e i n f u rnace chamb er 
i s heat rad i ati on and  heat cond u cti on.  I t i s assu med  that the 
rad i at i ve heat transf er occu rs at a vacu u m cond i t i on and  
theref ore the su rf ace- to- su rf ace ( S 2 S )  method  i s appli ed  to 
si mu late the rad i ati ve heat transf er.  T he rad i ati on d epend s only  
on the su rf ace of  the heat transf er,  and  the med i u m heat transf er 
i s i g nored .  T he ob j ect of  rad i ati on heat transf er i s consi d ered  to 
be all gray body, and the reflection is seen as a diffuse reflection. 
The reflection between two surfaces meets the formula as: 

w here Q 2  i s the net heat f lu x ,  A 2  i s the area of  the rad i ati ve 
su rf ace,  σ i s the S tef an- B oltz mann constant,  ε2  i s the emi ssi vi ty  
of  the rad i ati ve su rf ace,  T1  i s the temperatu re of  rad i ati ve su rf ace 
1 ,  T2  i s the temperatu re of  rad i ati ve su rf ace 2 ,  F2 1  i s the vi ew  
factor between the two surfaces and defined by 

w here θ1  and  θ2  represents the ang le b etw een the su rf ace normal 

( 1)

( 2)
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and a ray between the two differential areas, respectively. l2 1  i s 
the d i stance b etw een tw o su rf aces.

T he rad i ati on ex chang e of  the su rf aces i s d escri b ed  b y  

w here εj i s the emi ssi vi ty  of  su rf ace j.
T he transport of  energ y  f or the soli d  i s d escri b ed  b y

w here ρ is the mean fluid density, H i s the total enthalpy ,  λ i s the 
thermal cond u cti vi ty ,  T i s the temperatu re,  Sh i s the sou rce term.

2.2  T ra n s p ort  eq u a t i on s  d u ri n g  g a s  f a n  
q u en c h i n g

F low  and  heat transf er d u ri ng  cooli ng  process are i nvesti g ated  
u si ng  C F D mod el.  O nly  the f orced  convecti on i s consi d ered .  T he 
b u oy ancy  cau sed  b y  the natu ral convecti on and  d ensi ty  chang e 
i s neg lected .  T he heat transf er mod e d u ri ng  the q u enchi ng  
process i s convecti on heat transf er and  heat cond u cti on and  the 
rad i ati on heat transf er i s neg lected  [ 3 2 - 3 3 ] . When the Reynolds 
nu mb er ( Re)  i s g reater than the cri ti cal Rey nold s nu mb er d u ri ng  
gas fan quenching, the fluid flow treated as the turbulent flow. 
Turbulent flow model applies the two-equation к- ε tu rb u lence 
mod el.  T he g overni ng  eq u ati ons f or the conti nu i ty  eq u ati on,  
momentu m eq u ati on,  energ y  eq u ati on,  tu rb u lence k i neti c energ y  
equation and turbulence dissipation rate equation are as follows: 

C onti nu i ty  eq u ati on

w here ρ is the mean fluid density and U i s the veloci ty ,  t i s the 
ti me.  

M omentu m eq u ati on 

w here B  i s the b od y  f orce,  p i s the pressu re,  and  μeff represents 
the effective viscosity: 

w here μ and μT are laminar viscosity and turbulent viscosity: 

w here Re i s the Rey nold s nu mb er,  V∞ i s the f lu i d  veloci ty ,  
l i s characteri st i c leng th,  μ i s solved  b y  u s i n g  d e f i n i t i on 
of  Rey nold s nu mb er.  μT i s solved  b y  u s i ng  к - ε tu r b u lence 
mod el, i n w hi ch k represents tur b ul ence ki neti c energ y , and ε 
represents tur bul ence di ssi pati on rate. Cμ i s a mode l constant 
gi vi ng i n T abl e 1. 

Energy equation for the fluid

w here H i s the total enthalpy ,  t i s t i me,  λ i s the thermal 
conduc ti vi ty , T i s the temperatur e, Sh i s the sour ce term. 

E nergy e qua ti on f or the soli d i s gi ven i n E q. ( 4) .
T ur bul ence ki neti c energy e qua ti on

w here σk i s a mod el constant g i ven i n T a b le 1 .  Gk i s the 
ge nerati on of  tur bul ence ki neti c energy ( as know n as k)  due  to 
the mean velocity gradients, and defined by

T ur bul ence di ssi pati on rate equa ti on

w here C 1  and C2  are mode l constants gi ven i n T abl e 1. 

( 5)

( 6)

( 7)

(8)

( 1 1)

T a ble 1:   C on s t a n t s  u s ed  f or k- ε mod el c a lc u la t i on

Cμ C1 C2 σk σε

0.09 1.44 1.92 1.0 1.3

( 12)

( 3)

( 4)

2.3 B ou n d a ry  a n d  i n i t i a l c on d i t i on s
I n the mod el of  rampi ng - u p stag e,  the i ni ti al heati ng  temperatu re 
i s room temperatu re.  T he heati ng  sou rce i s si mpli f i e d  on 
annu lar heati ng  b elts and  the temperatu re b ou nd ary  cond i ti on 
of  the heati ng  b elt i s calcu lated  b y  U ser Def i ned  F u ncti on 
( U DF )  method  i n F lu ent V 1 3  A N S Y S .  I t i s consi d ered  that the 
temperatu re of  heati ng  b elts i s homog eneou s.  T he cond i ti on 
of  the chamb er w alls i s consi d ered  to b e ad i ab ati c cond i ti on 
as the w alls are moly b d enu m metal heat i nsu lati ons.  I n the 
mod el of  q u enchi ng  stag e,  i t i s assu med  that the f u rnace w alls 
are ad i ab ati c,  no sli p cond i ti on i s ad opted  i n the w all su rf aces,  
and  d u ri ng  the q u enchi ng  process,  the g as veloci ty  enteri ng  
the f u rnace chamb er throu g h every  noz z le i s a constant.  T he 
g as i s arg on,  and  the operati ng  pressu re i s constant f rom 3  b ar 
to 9  b ar.  I t i s consi d ered  that the components temperatu re i s 
homog eneou s,  and  the i ni ti al q u enchi ng  temperatu re of  load i ng  
tray is 1,315 °C. The velocity, temperature, pressure, turbulent 
k i neti c energ y ,  and  tu rb u lent d i ssi pati on rate of  i nlet g as are 
u ni f ormly  d i stri b u ted  on the i nlet cross secti on,  and  the same 
i nlet cond i ti ons of  all noz z les are set.

2.4  M a t eri a l p rop ert i es
I n si mu lati on,  f or the arg on g as,  the i d eal i ncompressi b le mod el 
w as u sed ,  w hi ch means the d ensi ty  of  arg on i s constant d u ri ng  
compu tati on.  T he thermal cond u cti vi ty  and  heat capaci ty  of  
DD6  alloy  are d ef i ned  as pi ecew i se- l i near f u ncti on of  the 
temperature from room temperature to 1,315 °C, which is given 
i n T ab le 2 .  T he load i ng  tray  i s consi d ered  to b e cond u cti on soli d  
w i th phy si cal properti es of  ref ractory  steel.

2.5  F i n i t e volu me met h od  mod eli n g
T he commerci al C F D sof tw are pack ag e F lu ent V 1 3  A N S Y S  
w as employ ed  f or the calcu lati on and  mod eli ng .  T he mesh of  
the practi cal vacu u m f u rnace chamb er mod el i s show n i n F i g .  4 .  
The amount of cells ranges from 900 thousand to 3.5 million 
d epend i ng  on the nu mb er of  load i ng  b lad es.  T he nu meri cal 
analy si s w as perf ormed  w i th a control volu me approach,  and  
all eq u at i ons w ere solved  u s i ng  the second - ord er u pw i nd  
d i screti z ati on f or convecti on and  S I M P L E  alg ori thm.

( 9)

(10)
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F i g . 4 :   M es h  of  f u rn a c e c h a mber mod el

F i g . 5 :   T h ermoc ou p le a rra n g emen t  ( a )  a n d  p os i t i on  of  t h ermoc ou p le p oi n t s  ( b)

(a) (b)

T a ble 2:   T h erma l c on d u c t i vi t y  a n d  h ea t  c a p a c i t y  of  D D 6 a lloy  [ 34 ]

T emp . ( ° C ) 100 200 300 4 00 5 00 600 7 00 8 00 9 00 1000 1100 1200 1300

Thermal conductivity
(W•m-1•°C-1) 8.00 9.45 11.15 13.4 15.35 17.60 20.20 22.30 24.55 26.80 28.95 30.90 33.20

 Heat capacity 
(J•g-1•°C-1) 0.358 0.392 0.427 0.462 0.496 0.531 0.566 0.600 0.635 0.669 0.704 0.739 0.733

3 Results and discussion
3.1 L oa d - f ree ex p eri men t
A  loa d - f ree heat i n g  e x per i ment w as 
cond u cted .  F i g u re 5  show s the ex peri mental 
cond i ti on and  the thermocou ple poi nts i n 
the load i ng  tray .

N u meri cal si mu lati ons w i th d i f f erent 
b o u n d ar y  con d i t i ons d u r i n g  no - loa d  
heati ng  w ere carri ed  ou t.  F i g u re 6  show s 
the temperatu re cu rves at thermocou ple 
poi nts.  F i g u re 6 ( a)  show s the si mu lated  and  
ex peri mental temperatu re resu lts at poi nt 1 ,  
w hi ch i nd i cates that the si mu lati on resu lt 
w i th U DF  pow er i npu t b ou nd ary  cond i ti on 
i s more approached  to the ex per i ment 
resu lts.  F i g u re 6 ( b )  show s the si mu lated  
and  e x per i mental  res u lts o f  d i f f erent 
points. The temperature difference between 
d i f f erent poi nts i n load i ng  tray  g rad u ally  
red u ces,  and  the si mu lati on resu lts are close 
to the ex peri ment resu lts as the heati ng  
processes.  

3.2  Temperature field 
p red i c t i on  d u ri n g  h ea t i n g  
a n d  h old i n g  p roc es s

F i g u re 7  show s the temperatu re cu rves of  
su rf aces on heati ng  b elts,  tu rb i ne b lad e and  
a u ni t of  load i ng  tray  d u ri ng  the heati ng  
process.  I n the i ni t i al stag e of  heati ng ,  
d i f f erent heate d  u n i ts have d i f f erent 
thermal responses.  A ccord i ng  to rad i ati ve 
and  heat transf er,  the response rate of  u ni ts 

to temperatu re vari ati ons d epend s on thermal phy si cal properti es of  materi al,  
rad i ati on shape f actor and  component stru ctu re i n w hi ch those u ni ts are located  at.  
Figure 8 demonstrates the temporal evolution of temperature distribution for single 
tu rb i ne b lad e d u ri ng  heati ng  and  hold i ng  stag e.  I t i nd i cates that the temperatu re 
of  b lad e i s hi g her than that of  load i ng  tray  d u ri ng  i ni ti al heati ng  and  hold i ng  
stage [Fig.8 (a) and (b)]. For the temperature field of a single turbine blade, the 
temperature uniformity during holding [Fig. 8(d) and (f)] stage is better than that 
during heating stage [Fig. 8(c) and (e)]. During heating, temperature distribution 
temperatu re d i stri b u ti ons at the sharp corner and  thi n w all of  si ng le tu rb i ne b lad e 
are higher than that at the thick wall (such as tenon) of single blade [Fig. 8(c)]. The 
complex curved surface structure of turbine blade itself also have an effect on its 
heating process. Specifically, the temperature of sheltered units is lower than that 
of  the ai r cu rrent channel w i thi n a b lad e and  the compli cated  stru ctu re of  tenon 
connecti on reg i on of  a tu rb i ne b ald e,  even i f  the sheltered  u ni ts i n the thi n w all [ F i g .  
8(e)]. 

F i g . 6:   C omp a ri s on  of  s i mu la t ed  ( w i t h  U D F )  a n d  ex p eri men t a l t emp era t u re 
c u rves  a t  d i f f eren t  p oi n t s  i n  loa d i n g  t ra y :  ( a )  t emp era t u re c u rves  i n  
point 1; (b) temperature curves between point 1 and point 2 (ΔT21) ,  
point 1 and point 4 (ΔT4 1)

(a)

(b)
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F i g . 7 :   S i mu la t ed  t emp era t u re c u rves  of  s u rf a c es  on  h ea t i n g  
belt s ,  t u rbi n e bla d e a n d  loa d i n g  t ra y  d u ri n g  h ea t i n g  
p roc es s

3.3  E f f ec t  of  n u mber of  bla d es  d u ri n g  h ea t i n g  
a n d  h old i n g  p roc es s

F i g u re 9  show s the load i ng  pattern of  mu lti ple b lad es i n one 
layer and double layers. The effect of multiple blades in single 
lay er and  d ou b le lay ers on temperatu re d i stri b u t i on d u ri ng  
heating and holding is demonstrated in Fig.10 and Fig.11, 
respecti vely .  T he temperatur e f i eld  di stri but i on of  bl ade s i n a 
single layer is close to that they have not been sheltered [Fig. 10 
(a)]. During heating and holding process, the temperature field 
u ni f ormi ty  d oes not chang e w i th alterati on of  the locati ng  places 
due to the temperature difference among the multiple blades is 
smaller than that of a separate blade [Fig.10(a) and (b)]. The 
temperatu re d i stri b u ti on of  mu lti ple b lad es i n d ou b le lay ers i s 
homog eneou s d u ri ng  heati ng  and  hold i ng  stag es.  T here i s no 
ob vi ou s shelterati on among  mu lti ple b lad es w i th d ou b le lay ers 
and the temperature field distributions are almost identical for 
all b lad es [ F i g .  1 1 ( a)  and  ( b ) ] .  

(a) heating, t = 3 h (b) holding, t = 8 h (c) heating, t = 3 h

(d) holding, t = 8 h (e) heating, t = 3 h (f) holding, t = 8 h

F i g . 8 :   T emp era t u re d i s t ri bu t i on  of  s i n g le bla d e a t  d i f f eren t  t i me d u ri n g  h ea t i n g  a n d  h old i n g  s t a g es  i n  va c u u m f u rn a c e:  ( a )  
and (b) temperature field in furnace; (c) and (d) temperature profiles on turbine blade surface; (e) and (f) temperature 
d i s t ri bu t i on  i n  d i f f eren t  s ec t i on s  of  t u rbi n e bla d e

 F i g . 9 :  L oa d i n g  p a t t ern  of  mu lt i p le bla d es  i n  a  s i n g le la y er ( a )  a n d  d ou ble la y ers  ( b)

(a) (b)
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 F i g . 10:  T emp era t u re d i s t ri bu t i on  of  mu lt i p le bla d es  w i t h  on e la y er d u ri n g  h ea t i n g  a n d  h old i n g  s t a g es

(a) heating, t = 3 h  (b) holding, t = 8 h

 F i g . 11:   T emp era t u re d i s t ri bu t i on  of  mu lt i p le bla d es  w i t h  d ou ble la y ers  d u ri n g  h ea t i n g  a n d  h old i n g  s t a g es

3.4  Flow field prediction during gas fan 
q u en c h i n g  p roc es s

T he f lo w  f i e l d  has s i g n i f i cant i n f l u ences on the 
temperatu re d i stri b u ti on and  the cooli ng  rate of  tu rb i ne 
b lad e d u r i ng  g as f an q u enchi ng  conti nu ou s cooli ng  
process.  F i g u re 1 2  presents the f low  f i eld  pred i cti on i n 
the f u rnace,  i nclu d i ng  the d i stri b u ti on on an ax i al cross 
secti on and  tw o ci rcu lar cross secti ons.  H i g her f low  
veloci ty  i s ob served  i n the posi ti on close to the noz z les 
and  the f an i n secti on 1  and  secti on 2  ( F i g .  1 2 ) .  T here 
are significant differences of flow field on circular cross 
secti on 2  and  secti on 3 ,  w hi ch i s relevant to the ax i al 
d i stri b u t i on of  noz z les.  T he complex  stru ctu re of  the 
practi cal vacu u m chamb er f u rnace has b een consi d ered ,  
i nclu d i ng  the heati ng  b elt,  the load i ng  tray ,  and  f ree 
ou tlet,  w hi ch has d i f f erent ef f ects on the f low  f i eld ,  as 
i llu strated  i n F i g .  1 3  and  F i g .  1 4 .  T hou g h the heati ng  
belts are close to the nozzle, the effect of gas flow is small 
( F i g .  1 3 ) .  T he load i ng  tray  has strong  d i stu rb ances to 
the f low  f i eld ,  and  the hi g h- speed  g as f low s ou t f rom 
the noz z le i s d i vi d ed  b y  load i ng  tray ,  resu lti ng  i n the 
vi olent di stur ba nce ( F i g. 14) . T he f ree out let enhanced 
the two vortex flow at the end of the furnace door. When 
a vortex exists at the end of the furnace door, the flow is 
strong at the places aw ay f rom the f an and w eak i n the 
constant temperatu re z one ( F i g .  1 4 ) .  F or the q u enched  

components, the flow is weak at the side facing the nozzle, but the 
flow is strong at the side close to the exhaust fan in the constant 
temperatur e z one. 

(a) heating, t = 3 h  (b) holding, t = 8 h

Fig. 12:  Simulation results of flow field distribution in furnace 
d u ri n g  g a s  f a n  q u en c h i n g

1- flow field distribution on an axial cross section, 
2- on a circular cross section in which the nozzles are shown, 
and 3- on a circular cross section which is between nozzles
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Fig. 13: Flow field in vicinity of loading tray (a) and heating belts (b)

Fig. 14: Flow field with (a) and without a free outlet (b)

F i g . 15 :  T emp era t u re i n  s a me p oi n t  on  s u rf a c e 
of  bla d e evolves  a s  a  f u n c t i on  of  t i me 
u n d er va ri ou s  p res s u res  d u ri n g  g a s  
f u rn a c e q u en c h i n g

one lay er on a ci rcu lar cross secti on.  I t 
i nd i cates that the closer to the ex hau st 
ou tlet and  the noz z le f or the b lad e,  
the g reater the f low  veloci ty  i s and  
the more the adequate flow is. Figure 
1 9 ( a)  and  ( b )  show s the temperatu re 
d i stri b u t i on on su rf aces of  mu lti ple 
b lad es i n one lay er at d i f f erent ti me.  
A lthou g h the temperatu re at the sharp 
corner or thi n w all i n the b lad e that 
close to the noz z les i s mu ch low er,  
the temperatu re f i eld  d i stri b u ti on of  
b lad es i n one lay er i s almost parallel 
[ F i g .  1 9 ( a )  and  ( b ) ] .  F i g u re 1 9 ( c )  
an d  ( d )  presents the temperat u re 
d i str i b u t i on on the sect i on o f  the 
b lad es.  T he cooli ng  rate i nsi d e the 
a i r c u rrent channel i s lo w er than 
that of  at the posi ti on near the b lad e 
platf orm and  tenon,  and  the ef f ect of  
the b lad e locati on to the noz z les on 
the temperature field inside the blade 
i s low er than that on the b lad e su rf ace 
[ F i g .  1 9 ( c)  and  ( d ) ] .

S i mu lati on i nvesti g ati ons are also 
con d u cte d  f or mu lt i ple b la d es i n 
d ou b le lay ers.  T he f low  f i eld  arou nd  
the mu lti ple b lad es i n d ou b le lay ers i s 
shown in Fig. 20. It indicates that the 
flow velocity is low and the flow is not 
u ni f orm f or b lad es i n the second - lay er 
d u e to the shi eld i ng  of  the f i rst- lay er 
b lad e.  F i g u re 2 1  show s the temperatu re 
d i stri b u ti on of  mu lti ple b lad es i n tw o 
lay ers at d i f f erent ti mes.  T he cooli ng  
rate of  the b lad es i n the second - lay er i s 
ob vi ou sly  low er than that i n the f i rst-
layer. The locating place has significant 

(a) (b)

(a) (b)

3.5  Temperature field prediction during gas fan 
q u en c h i n g  p roc es s

F i g u re 1 5  show s the cooli ng  cu rves of  an i d enti cal u ni t on b lad es su rf ace u nd er 
different pressures, indicating that the cooling rate is increased with the increase 
of the pressure. Figure 16 shows the change of temperature fields with time in 
the f u rnace u nd er the pressu re of  6  b ar.  T he cooli ng  rate of  the load i ng  tray  i s 
g reater than that of  the b lad e.  I t also can b e seen that the ci rcu mf erenti al cooli ng  
rate f or the load i ng  tray  and  b lad e i s g reater than that of  the ax i al cooli ng  rate.  
T he local cooli ng  rate f or the load i ng  tray  chang es ob vi ou sly  w i th the posi ti ons 
of  the noz z le.  T he closer to the noz z le,  the g reater the cooli ng  rate i s.

F i g u re 1 7  d emonstrates the temperatu re f i eld  evolu ti on of  a si ng le b lad e 
d u ri ng  g as f an q u enchi ng .  T he complex  stru ctu re of  the b lad e i tself  lead s to 
the non- u ni f orm cooli ng ,  and  the temperatu re of  the u ni t at the thi n- w alled  part 
i s low er than that of  the u ni t at the thi ck - w alled  part [ F i g . 1 7 ( a)  and  ( b ) ] .  T he 
cooling temperature curves at different parts of the blade is presented in Fig. 
1 7 ( e) .  T he cooli ng  rate at the sharp corner i s g reater than that at the tenon and  
b lad e platf orm.  A s show n i n F i g .  1 7 ( c)  and  ( d ) ,  the temperatu re at reg i ons close 
to the i nternal posi ti on i s d ecreased  more slow ly  than that close to the su rf ace.

3.6  E f f ec t  of  n u mber of  t u rbi n e bla d es  d u ri n g  g a s  f a n  
q u en c h i n g  p roc es s

Figure 18 shows the flow filed distribution surrounding the multiple blades in 
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F i g . 16:  T emp era t u re d i s t ri bu t i on  i n  
f u rn a c e a t  d i f f eren t  t i mes  
d u ri n g  g a s  f a n  q u en c h i n g  
u n d er p res s u re of  6 ba r

(a) t = 30 s (b) t = 60 s

F i g . 17 :  T emp era t u re d i s t ri bu t i on  f or a  s i n g le bla d e a t  d i f f eren t  t i mes  d u ri n g  
gas fan quenching: (a) and (b) temperature profiles on blade 
s u rf a c e,  ( c )  a n d  ( d )  t emp era t u re d i s t ri bu t i on  i n  d i f f eren t  s ec t i on s  of  
bla d e,  a n d  ( e)  t emp era t u re c u rves  a t  d i f f eren t  p a rt s  of  bla d e

(c) t = 30 s (d) t = 60 s

influences on the cooling rate of whole blade. 
T he cooli ng  rate of  the b lad e close to the 
nozzles in the first-layer is higher than that of 
the b lad e aw ay  f rom the noz z les i n the second -
lay er.  A d d i ti onally ,  the temperatu re d i stri b u ti on 
on b lad es i n the same lay er i s almost parallel,  
w hi ch i s si mi lar to the si mu lati on resu lts f or the 
one lay er.  F i g u re 2 2  show s cooli ng  temperatu re 
cu rves at d i f f erent posi t i ons of  the b lad e.  
I t d emonstrates that the b lad e stru ctu re has 
important effects on the local cooling rates for 
the b lad e i n one lay er.  T he cooli ng  rate i n the 
thi n w all posi ti on of  the b lad e aw ay  f rom the 
noz z les i s larg er than that i n the tenon of  the 
b lad e closer to the noz z les i n the same lay er.  
H ow ever,  the cooli ng  rate of  the second - lay er 
i s mu ch low er i n b oth thi n w all and  tenon f or 
the blades away from the nozzles in different 
lay ers.  

F rom the nu meri cal resu lts presented  ab ove,  
the temperatu re f i eld  i s af f ected  b y  the heat 
treatment process and  the nu mb er of  tu rb i ne 
b lad es d u ri ng  the heati ng  and  solu ti oni z i ng  
cooli ng .  A t the heati ng  and  hold i ng  stag e,  
more attenti ons are pai d  to the u ni f ormi ty  of  

Fig. 18: Flow field surrounding multiple 
bla d es  i n  on e la y er

(a) t = 30 s (b) t = 60 s

(e) 
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Fig. 19: Temperature distribution of multiple blades in one layer at different time: (a) and (b) temperature profiles on 
bla d e s u rf a c e;  ( c )  a n d  ( d )  t emp era t u re d i s t ri bu t i on  i n  d i f f eren t  s ec t i on s  of  t u rbi n e bla d e 

Fig. 20:  Flow field around the multiple blades in double layers

(a) t = 30 s (b) t = 60 s

(c) t = 30 s (d) t = 60 s

(a) (b)

F i g . 21:   T emp era t u re d i s t ri bu t i on  of  mu lt i p le bla d es  i n  t w o la y ers

(a) t = 30 s (b) t = 60 s
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F i g . 22:  T emp era t u re c u rves  of  d i f f eren t  z on es  i n  t u rbi n e bla d es

the temperature field for the blades in furnace. During gas fan 
q u enchi ng ,  more attenti on i s pai d  to the mani pu lati on of  the 
cooli ng  rate.  T here are some si mi lari ti es f or the i nf lu ence of  
nu mb er of  tu rb i ne b lad es d u ri ng  the g as q u enchi ng  process w i th 
that d u ri ng  the heati ng  and  cooli ng  process.  T he temperatu re 
chang e of  the thi ck - w alled  part i s slow er than that of  the thi n-
w alled  part.  T he temperatu re u ni f ormi ty  of  a si ng le lay er tu rb i ne 
b lad e d u r i ng  heati ng  and  cooli ng  can b e controlled  b y  the 
req u i rement of  the heat treatment f or the mu lti ple components.  
However, the cooling rate is difficult to meet the requirement for 
tu rb i ne b lad es i n tw o and  more lay ers.  

4 Conclusions
T he nu meri cal heat- transf er and  tu r b u lent f low  mod el are 
estab li shed  tomod el the heati ng ,  hold i ng  and  g as f an q u enchi ng  
process of  a low  rheni u m- b eari ng  N i - b ased  si ng le cry stal tu rb i ne 
b lad es b ased  on the C F D sof tw are and  the practi cal chamb er 
3 D- reconstru cti on of  an i nd u stri al hi g h- pressu re q u enchi ng  
vacu u m heat- treatment f u rnace.  T he f ollow i ng  conclu si ons can 
be concluded: 

( 1 )  I n load - f ree heati ng  process,  si mu lati on resu lt w i th U DF  
pow er i npu t b ou nd ary  cond i ti on i s approached  to the ex peri ment 
resu lts.  S i mu lati on resu lts d emonstrate that the tu rb i ne b lad e 
g eometry ,  the shi eld i ng  of  the b lad e i ts ow n and  the shi eld i ng  
among  b lad es has si g ni f i cant i nf lu ences on u ni f ormi ty  of  the 
temperatu re d i stri b u ti ons.  T he temperatu re d i stri b u ti on at the 
sharp corner,  thi n w all and  corner part i s hi g her than that at the 
thi ck  w all part of  tu rb i ne b lad e d u ri ng  heati ng  process,  and  the 
i sotherms show  a toroi d al li ne to the center of  the thi ck  w all.  
T he temperatu re u ni f ormi ty  d u ri ng  hold i ng  stag e i s b etter than 
that d u ri ng  heati ng  stag e.  T he temperatu re of  sheltered  u ni ts i s 
lower than that of the remaining part of turbine blade. When 
there i s no shelterati on among  mu lti ple b lad es,  the temperatu re 
d i stri b u ti on f or all tu rb i ne b lad es i s almost i d enti cal,  and  the 
temperatu re d i f f erence among  the b lad es i s smaller than the 
difference for the blade itself.

( 2 )  T he load i ng  tray ,  f ree ou tlet and  the place of  tu rb i ne b lad es 
have important influences on the flow field. The high-speed gas 
flows out from the nozzle is divided by loading tray, and the free 
ou tlet enhanced  the tw o vortex  f low  at the end  of  the f u rnace 
d oor.  T he tu rb i ne b lad e i s closer to the ex hau st ou tlet and  the 
nozzle, the flow velocity is greater and the flow is more adequate.

( 3 )  T he cooli ng  rates are enhanced  w i th the i ncrease of  the 
pressu re,  and  the complex  stru ctu re of  the tu rb i ne b lad e play s 
a cru ci al role i n the temperatu re d i stri b u ti on f or a si ng le b lad e 
d u ri ng  g as f an q u enchi ng .  T he cooi ng  rate at the thi n- w alled  part 
i s low er than that at the thi ck - w alled  part,  the cooli ng  rate at the 
sharp corner i s g reater than that at the tenon and  b lad e platf orm,  
and  the temperatu re at reg i ons close to the i nternal posi ti on i s 
d ecreased  more slow ly  than that close to the su rf ace.

( 4 )  T he locati ng  place and  the complex  stru ctu re of  the 
components have si g ni f i cant i mpacts on the cooli ng  rates.  
However, the effects of complex structure of turbine blades in 
double layers differs from that in single layer. 

( 5 )  T he ef f ects of  complex  stru ctu re of  tu rb i ne b lad es i n 
d ou b le lay ers d i f f ers f orm that i n si ng le lay er.  F or mu lti ple 
b lad es i n si ng le lay er,  the temperatu re at the sharp corner or thi n 
w all i n the b lad e that close to the noz z les i s mu ch low er,  the 
temperature field distribution of blades is almost parallel. The 
cooli ng  rate i nsi d e the ai r cu rrent channel i s low er than that of  at 
the position near the blade platform and tenon, and the effect of 
the blade location to the nozzles on the temperature field inside 
the b lad e i s low er than that on the b lad e su rf ace.  F or mu lti ple 
blades in double layers, the flow velocity is low, and the flow is 
not u ni f orm f or b lad es i n the second - lay er d u e to the shi eld i ng  
of  the f i rst- lay er b lad e.  T he cooli ng  rate of  the b lad es i n the 
second-layer is lower than that in the first-layer, the cooling rate 
of the blade close to the nozzles in the first-layer is the higher 
than that of  the b lad e aw ay  f rom the noz z les i n the second -
lay er,  the temperatu re d i stri b u ti on on b lad es i n the same lay er i s 
almost parallel,  w hi ch i s si mi lar to the si mu lati on resu lts f or the 
first layer. The cooling rate in the thin wall position of the blade 
aw ay  f rom the noz z les i s larg er than that i n the tenon of  the 
b lad e closer to the noz z les i n the same lay er.  T he cooli ng  rate of  
the second - lay er i s mu ch low er i n b oth thi n w all and  tenon f or 
the blades away from the nozzles in different layers.
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