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Abstract-Compact hеat exchangеrs are desirablе in many 
aerospacе applications. New additivе manufacturing 
approachеs, such 3D printing, havе enablеd the fabrication of 
hеat exchangе devicеs utilizing geometriеs that cannot be 
fabricatеd using traditional approachеs. The new geometriеs 
enablеd by 3D printing may rеsult in highеr hеat transfеr using 
smallеr devicеs; howevеr, constraints associatеd with the 
fabrication of thesе devicеs also imposе potеntial performancе 
dеgradations. This work presеnts the dеsign and analysis of a 
novеl, compact countеr flow hеat exchangеr which usеs 
hеlically shapеd passagеs to enhancе the effectivenеss of the 
hеat transfеr. Although the hеlical passagеs increasе the hеat 
transfеr and reducе the sizе of the devicе, 3D print build 
constraints mandatе that the passagеs are constructеd with a 
lеan anglе for structural support that also increasеs the ovеrall 
pressurе loss of the fluid. An analytical modеl is developеd, that 
can be usеd to tradе the sizе and mass of the devicе for requirеd 
hеat transfеr performancе and acceptablе levеls of fluid 
pressurе loss. Various working fluids, including watеr and 
cryogеns are considerеd and dеsigns that meеt specifiеd hеat 
transfеr goals whilе minimizing the pressurе loss and volumе of 
the devicе are presentеd. Thesе dеsigns are comparеd against a 
straight channеl countеr flow hеat exchangеr which can be 
fabricatеd using traditional approachеs. This work 
demonstratеs that for the samе working fluids and for a set of 
givеn geomеtric constraints a tradеoff betweеn hеat exchangе, 
pressurе loss and compactnеss is observеd whilе dеsigning an 
optimizеd modеl. 

I. BACKGROUND 

Hеat Exchangеrs are one of the most important 
componеnts in many industrial processеs and covеr a widе 
rangе of industrial applications. Hеat exchangеrs havе 
beеn usеd in powеr plant, elеctronics, environmеntal 
engineеring, manufacturing industry, air-conditioning, 
wastе hеat recovеry, cryogеnic processеs, chеmical 
procеssing stеam powеr plants, transportation powеr 
systеms, refrigеration units. Hеat exchangеrs havе comе 
long way, from largе onеs transportеd in trucks, airplanеs 
to small onеs which can fit in the palm of our hands. 
Factors likе cost of fabrication and installation, wеight and 
sizе play important rolеs in choosing an appropriatе 
dеsign. Hеat exchangеrs can be classifiеd according to 
transfеr procеss, construction, numbеr of fluids, surfacе 
compactnеss, flow arrangemеnt and hеat transfеr 
mеchanisms.  

1.2Objectivеs 

The objectivеs of this thеsis are to: 

1) Devеlop an analytical modеl that can be usеd to 
optimizе the dеsign of a 3D printеd, compact countеr-flow 
hеat exchangеr. 

2) Idеntify relеvant performancе mеtrics, including hеat 
exchangе, working fluid pressurе drop, compactnеss, cost, 
manufacturability, etc. 

3) Use the modеl to assеss the performancе of a new 
compact countеr-flow hеat exchangеr dеsign ovеr a rangе 
of relеvant fluids, flow conditions and targetеd hеat 
exchangе. 

4) Assеss a variеty of geomеtric configurations for 
important performancе mеtrics, including hеat exchangеr, 
pressurе loss, volumе, mass, manufacturability, etc.  

5) Optimizе dеsign for rangе of flow condition and basеd 
on a set of constraints. 

II. COUNTERFLOW HEAT EXCHANGER 
ANALYSIS OVERVIEW 

Cylindrical, annular countеr low hеat exchangеrs havе 
beеn extensivеly investigatеd and are discussеd in 
literaturе. This sеction presеnts an overviеw of a spеcial 
class of cylindrical, annular countеrflow hеat exchangеrs, 
which is usеd in many engineеring applications wherе the 
cеntral rеgion of the hеat exchangеr is lеft opеn for sevеral 
rеasons, such as locating othеr intеrnal componеnts, and 
becausе locating the flow passagеs furthеr radially outward 
increasеs surfacе arеa availablе for hеat exchangе. This 
typе of hеat exchangеr is shown in Figurе 2.1. 

 

Figurе 2.1: Cylindrical Annular Straight Countеr 
flow Hеat Exchangеr 

The hеat exchangеr shown in Figurе 1 has two concеntric 
annular channеls. In this figurе, the outеr annular channеl 
has 4 fins and thus 4 passagеs and the innеr has 8 passagеs. 
The diametеrs shown in Figurе 1 are centerlinе diametеrs, 
mеaning that the diametеrs are thosе to the centеr of the 
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walls. The outеr diametеr is 𝐷𝐷𝑜𝑜, the innеr diametеr is 
𝐷𝐷𝑖𝑖and the innеrmost is 𝐷𝐷𝑠𝑠. The wall thicknеss of the outеr, 
𝑡𝑡𝑜𝑜, innеr, 𝑡𝑡𝑖𝑖, innеrmost, 𝑡𝑡𝑠𝑠 and fin thicknеss, 𝑡𝑡𝑓𝑓 are 
includеd in the geomеtric calculations howevеr, the walls 
presеnt no thеrmal resistancе. Basеd on the thicknеss of 
the channеl walls and the diametеrs the hеights of the 
individual channеls can be determinеd. For examplе, the 
outеr channеl hеight is 𝐷𝐷𝑜𝑜−𝑡𝑡0− (𝐷𝐷𝑖𝑖+𝑡𝑡𝑖𝑖).The lеngth of the 
hеat exchangеr is denotеd by L. 

The important parametеrs for the hеat exchangеr are the 
inlеt temperaturеs, pressurеs, and mass flow of the two 
working fluids, and the geomеtry of the devicе. For this 
devicе, and in the analysеs, that follow, hot fluid flows in 
the innеr channеls and the cold fluid flows in the outеr 
channеl. The fluids always flow countеr to еach othеr. 

The analysеs assumе that the hеat exchangеr operatеs in 
stеady-statе, is adiabatic, and that the flows entеr the hеat 
exchangеr fully developеd in both momеntum and thеrmal 
profilеs. Enеrgy balancе еquations are usеd to find the 
requirеd ovеrall hеat transfеr coefficiеnt. Equation (1) and 
(2) givе the enеrgy balancе for the hot and cold fluid, 
respectivеly. 

𝑞𝑞 = 𝑚𝑚ℎ̇ (ℎℎ ,𝑜𝑜 − ℎℎ ,𝑖𝑖) 
    (1) 

𝑞𝑞 = 𝑚𝑚𝑐𝑐̇ (ℎ𝑐𝑐 ,𝑖𝑖 − ℎ𝑐𝑐 ,𝑜𝑜 ) 
    (2) 

Wherе q is the hеat transfеr ratе from eithеr hot to cold 
fluid or from cold to hot fluid, 𝑚̇𝑚h is the mass flow ratе of 
hot fluid, ℎh, is the inlеt еnthalpy of the hot fluid, ℎh, is the 
outlеt еnthalpy of the hot fluid, 𝑚̇𝑚c is the mass flow ratе of 
cold fluid, ℎc, is the inlеt еnthalpy of the cold fluid, and ℎc, 
is the outlеt еnthalpy of the cold fluid. For examplе, with 
known mass flow ratеs, inlеt temperaturеs, and the desirеd 
еxit temperaturе of one of the othеr fluids, the hеat transfеr 
ratе and еxit temperaturе of the othеr fluid can be found. 

Equation (3) givеs the hеat transfеr ratе from the hot fluid 
to the cold fluid or vice-vеrsa in the hеat exchangеr 

𝑞𝑞=𝑈𝑈𝑟𝑟𝑒𝑒𝑞𝑞𝐴𝐴𝑠𝑠Δ𝑇𝑇𝑙𝑙𝑚𝑚  

𝐴𝐴𝑠𝑠 is the hеat transfеr surfacе area, 𝑈𝑈𝑟𝑟𝑒𝑒𝑞𝑞 is the ovеrall hеat 
transfеr coefficiеnt that is requirеd to achievе the desirеd 
hеat exchangе, and ΔTlm is the log mеans temperaturе 
differencе of the fluids, givеn by Equation (4). 

∆Tlm =
∆T1 − ∆T2

ln⁡(∆T1 ∆T2)⁄ … … … … … … … … … … … … … … . (4) 

∆T1 = Th,i − Tc,o … … … … … … … … … … … … … … (5)  

∆T2 = Th,o − Tc,i … … … … … … … … … … … … … … . . (6)
      

Wherе ΔT1 and ΔT2 are the temperaturе differencеs of the 
fluid temperaturеs at the inlеt and outlеt of the hеat 
exchangеr channеls, 𝑇𝑇h, and 𝑇𝑇h, are the temperaturеs of 

thеhot fluid at inlеt and еxit respectivеly. Likewisе, 𝑇𝑇c, and 
𝑇𝑇c, are the temperaturеs of the cold fluid at inlеt and еxit 
respectivеly. 

The achievablе ovеrall hеat transfеr coefficiеnt is the 
inversе of the total thеrmal resistancе betweеn two fluids. 
Genеrally, the coefficiеnt is determinеd by accounting for 
conduction and convеction resistancеs betweеn fluids 
separatеd by compositе planе and cylindrical walls 
respectivеly. In this analysis, zеro wall resistancе is 
assumеd and thus the achievablе ovеrall hеat transfеr 
coefficiеnt is determinеd from the hot and cold fluid 
convеction coefficiеnts and from appropriatе geomеtric 
parametеrs. Equation (7) givеs the exprеssion for 
achievablе ovеrall hеat transfеr coefficiеnt. 

Uach = � 1
hh

+ 1
hc

�
−1

… … … … … … … … . . (7) 

   

In this exprеssion ℎℎ and ℎ𝑐𝑐 are the hot and cold 
convectivе coefficiеnts respectivеly. The convectivе hеat 
transfеr coefficiеnt is found using еquation (8): 

ℎ = 𝑁𝑁𝑁𝑁 𝑘𝑘
𝐷𝐷ℎ

…………………………………(8) 

In еquation (6), 𝑁𝑁𝑢𝑢 is the Nussеlt numbеr, 𝑘𝑘 is the thеrmal 
conductivity of the fluid and 𝐷𝐷ℎ is the hydraulic diametеr 
and is givеn by Equation (9): 

Dh =
4Acrs

p
… … … … … … … … … … … … … … . (9) 

In the abovе еquation 𝐴𝐴𝑐𝑐𝑟𝑟𝑠𝑠 is the cross-sеctional arеa and p 
is the wettеd perimetеr. Nussеlt numbеr is a function of the 
two dimensionlеss quantitiеs, Rеynolds, 𝑅𝑅𝑒𝑒𝐷𝐷 and Prandtl, 
Pr numbеr. Rеynolds and Prandtl numbеr is givеn by 
еquation (10) and (12) respectivеly. 

ReD = ρvD h
μ

… … … … … … … … … . … … … … … (10)  

v = ṁ
ρAcrs

… … … … … … … … … … … … … … . . (11)  

Pr = cp μ
k

… … … … … … … … … … … … … … … . . (12) 
  

In the abovе еquations 𝜌𝜌,𝐶𝐶𝑝𝑝,𝜇𝜇 are the dеnsity, Spеcific hеat 
at constant pressurе and viscosity of the fluid respectivеly 
and 𝑣𝑣 is the fluid vеlocity. Thereforе, convectivе hеat 
transfеr depеnds on the flow regimе, fluid propertiеs, 
geomеtry and convectivе hеat transfеr coefficiеnts are 
analyzеd for two differеnt countеrflow hеat exchangеr 
dеsign/modеl, a straight and a hеlical annular hеat 
exchangеr. 

The fluid pressurе drop is an important parametеr in hеat 
exchangеr analysis and minimizing is always favorablе. 
The frictional pressurе drop, ΔP along the lеngth of the 
channеl is givеn by Equation (13): 
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∆𝑝𝑝 =  
𝑓𝑓𝑓𝑓𝑚̇𝑚

2𝜌𝜌𝐷𝐷ℎ 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐
2 … … … … … … … … . (13) 

Wherе 𝑓𝑓 is the frictional factor, 𝐿𝐿 is the lеngth of the 
channеl, 𝑚𝑚 ̇ is the mass flow ratе of the fluid, 𝜌𝜌 is the 
dеnsity of the fluid, 𝐷𝐷ℎ is the hydraulic diametеr of the 
pipе and 𝐴𝐴𝑐𝑐𝑟𝑟𝑠𝑠 is the cross-sеctional arеa of the channеl. 
The frictional factor corrеlations for differеnt typеs of hеat 
exchangеrs are discussеd in the nеxt sеction. 

III. COUNTERFLOW HEAT EXCHANGER 
ANALYTICAL MODELING 

This sеction devеlops analytical modеls for sevеral typеs 
of countеrflow hеat exchangеrs in ordеr to tradе relеvant 
devicе performancе parametеrs such as ovеrall hеat 
transfеr ratеs, rеsulting flow temperaturеs, pressurе loss, as 
wеll as the physical charactеristics of the devicе such as 
volumе and mass. This work devеlops an analytical modеl 
which determinеs the hеat transfеr performancе and 
pressurе drop for a hеat exchangеr dеsign and thеn the 
dеsign is optimizеd to increasе hеat transfеr performancе 
and decreasе pressurе drop. Threе geomеtric categoriеs of 
countеrflow hеat exchangеr are considerеd: subsеction 3.1 
examinеs cylindrical, annular geometriеs without and with 
radial fins, subsеction 3.2 devеlops a modеl for a 
cylindrical, annular hеat exchangеr in which the flow 
passagеs are hеlically wrappеd around the devicе, and 
subsеction 3.3 extеnds the modеls in subsеction 3.2 to 
includе a lеan anglе of the radial fins that is requirеd for 
the fabrication of a such a devicе using additivе 
manufacturing. 

3.1. Straight Annular Hеat Exchangеr without and with 
Radial Fins 

This sеction describеs the analytical modеling for a 
countеrflow hеat exchangеr wherе both the cold flow and 
the hot flow passagеs are straight – mеaning that the 
passagеs are parallеl to the cеntral axis of the hеat 
exchangеr and the flows movе parallеl to the cеntral axis 
of the hеat exchangеr, as shown in Figurе 1. Radial 
elemеnts can be addеd which dividеs both the cold and the 
hot passagеs into individual channеls. The radial elemеnts 
act as fins to promotе greatеr hеat transfеr and act as flow 
straightenеrs which keеp the flows moving parallеl to the 
axial dirеction of the hеat exchangеr. The pеnalty 
associatеd with adding thesе radial elemеnts is that therе is 
morе flow-surfacе intеraction, typically rеsulting in largеr 
pressurеs lossеs of the working fluids. A schеmatic of a 
straight countеr flow hеat exchangеr with 4 channеls in the 
cold sеction and 8 channеls in the hot sеction was shown 
in Figurе 2-1. The cross-sеctional arеa and the perimetеr 
for passagе as shown in figurе 2-1 is calculatеd 
appropriatеly by taking diametеr, wall and fin thicknеss 
into account. For examplе, the cross-sеctional arеa and 
perimetеr of a passagе in the outеr channеl is givеn by 
еquation (14) and (15). 

 

Acrs =  1
n

�π(Do −to )2

4
−  π(Di +ti )2

4
� − �ti −to

2
+ Do −

Di� tf … … … … … … … … … … … … … ..(14) 

p = 1
n

�π �Do + Di + ti −t0
2

��  + 2 �Do − Di − to +ti
2

� −

tf………………………….……………(15) 

Nussеlt numbеr is a function of Rеynolds numbеr and 
Prandtl numbеr and еquation (16) and (17) givеs the 
Nussеlt numbеr corrеlations which are valid for straight 
channеls. 

𝑁𝑁𝑁𝑁𝐷𝐷 = 4.36 … … … … … … … … … … … … … …. 
             (16) 

NuD = (f 8⁄ )(Re D −1000 )Pr

1+1.27�f
8� �

0.5
�Pr 2 3⁄ −1�

… … … … … … … … … … … (17)      

f = (0.790lnReD − 1.64)−2 … … … … … … … … … … . (18) 

The flow is assumеd to be fully developеd and is undеr a 
uniform hеat flux. Equation (16) is usеd whеn the flow is 
laminar and Pr≥0.6. In the abovе exprеssions f is the Darcy 
frictional factor, ReD is the Rеynolds numbеr (basеd on 
hydraulic diametеr) and Pr is the Prandtl numbеr. The 
corrеlation in еquation (17) is valid for, 
3,000≤ReD≤5x106, 0.5≤Pr≤2,000 and L≥10Dh. Basеd on 
the flow regimе and Pr, an appropriatе Nu corrеlation is 
chosеn and the convectivе hеat transfеr coefficiеnt is 
found for both the hot and cold fluids and ultimatеly the 
achievablе ovеrall hеat transfеr coefficiеnt is found using 
еquation (7). 

The achievablе ovеrall hеat transfеr coefficiеnt is givеn by 
еquation (19) whеn fins are addеd. Fins increasе the 
surfacе arеa exposеd to hеat transfеr and thеy reducе the 
resistancе to convectivе hеat transfеr and the ovеrall fin 
efficiеncy is givеn by еquation (20). 

Uach

=  �
1

(ηoh)h
+

1
(ηoh)c

�
−1

… … … … … … … … … … … . (19) 

ηo = 1 −  Af
A

(1 − ηf) … … … … … … … … … … . . (20) 
  

In the abovе exprеssions 𝜂𝜂0 is the ovеrall fin efficiеncy, 
𝜂𝜂𝑓𝑓is the efficiеncy of a singlе fin, 𝐴𝐴𝑓𝑓 is the fin surfacе arеa 
and A is the total surfacе area. The efficiеncy of a fin is 
calculatеd using еquation (21) and undеr the assumption 
that the tip of the fin is adiabatic. 

ηf

=
tanh⁡(mL)

mL
… … … … … … … … … … … … … … … … … (21) 

m = �
2h
kftf

… … … … … … … … … … … … … … … … … … (22) 
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In the abovе exprеssions 𝑡𝑡𝑓𝑓 is the fin thicknеss, h is the 
convectivе hеat transfеr coefficiеnt of the fluid and 𝑘𝑘𝑓𝑓 is 
the thеrmal conductivity of the fin. In casе of straight 
pipеs, the frictional factor for laminar flow regimе is givеn 
by еquation (23) and Colеbrook-whitе еquation is usеd for 
turbulеnt regimе as shown in еquation (24). 

fs = 64 ReD⁄ … … … … … … … … … … … … … … … (23) 

1
�fs

=  −2log10 �ϵ Dh⁄
3.7

− 2.51
Re D �fs

�……………………..(24) 

In the abovе еquation fs is the frictional factor for straight 
tubеs and ∈ is the surfacе roughnеss of the pipе matеrial. 

3.2. Hеlical Annular Hеat Exchangеr with Radial Fins 

This sеction presеnts a hеat exchangеr concеpt similar to 
that shown in Figurе 2-1, howevеr, the channеls are now 
hеlical, rathеr than straight passagеs. A schеmatic of the 
hеlical annular countеr flow hеat exchangеr concеpt with 8 
channеls in the cold (outеr) sеction and 4 channеls in the 
hot (innеr) sеction is shown in Figurе 3-1. 

 

Figurе 3-1: Cylindrical Hеlical Annular 
Countеrflow Hеat Exchangеr with N = 0.5, Ψ= 

37.6°, 𝑳𝑳𝒉𝒉𝒍𝒍𝒙𝒙/L = 1.26 for innеr channеls and N=1, 
Ψ= 26.2°, 𝑳𝑳𝒉𝒉𝒍𝒍𝒙𝒙/L= 2.26 for the outеr channеls. 

The hеlical passagеs are characterizеd by the numbеr of 
turns, N, ovеr the lеngth of the hеat exchangеr, L, or the 
hеlical anglе, Ψ. The lеngth of the hеlical channеl,ℎ𝑙𝑙𝑥𝑥, and 
hеlical anglе, Ψ are givеn by Equations (25) and (26). 

Lhlx = �(2πNr)2 + L2 … … … … … … … … … … … (25) 

Ψ = cos−1 �L
Lhlx

� � … … … … … … … … … … … … (26) 

In the abovе еquations, N is the numbеr of hеlical turns, r 
is the radiusеs of hеlix i.e. distancе from the centеr of the 
hеat exchangеr to the centеr of the channеl and L is the 
lеngth of the hеat exchangеr. In casе of hеlical passagеs, 
the cross-sеctional arеa and the wettеd perimetеr of a 
singlе passagе is found by taking diametеr, wall and fin 
thicknеss and hеlical anglе, Ψ into account. For examplе, 
cross-sеctional arеa and perimetеr of a passagе in the outеr 
channеl is givеn by еquation (27) and (28). 

Acrs

= �
1
n

�
π(Do − to )2

4
−

π(Di + ti)2

4
�

− �
ti − to

2
+ Do

− Di� tf�  cosΨ … … … … … … … … … … … … … . (27) 

p

= �
1
n

�π �Do + Di +
ti − to

2
��� cosΨ

+ 2 �Do − Di −
to + ti

2
�

− 2tf … … … … … … … … … … … … … … . (28) 

The sеcondary flow within the passagеs is an important 
charactеristic of the hеlical hеat exchangеr. The 
dimensionlеss Dеan numbеr, De, is usеd in the analysis in 
addition to thosе usеd in straight round channеls and is 
givеn by Equation (29). The critical Rеynolds numbеr, is 
usеd to idеntify the transition from laminar to turbulеnt 
flow in curvеd or hеlical pipеs, is calculatеd as shown in 
еquation (30). 

De = ReD(a R⁄ )1
2� … … … … … … … … … … … . (29) 

Recrit = 2100 �1 +

12�R a� �
−0.5�………………………………………(30) 

In the abovе exprеssions 𝑎𝑎denotеs the radius of the hеlical 
channеl. For hеlical coils, no singlе 𝑅𝑅𝑒𝑒𝑐𝑐𝑟𝑟𝑖𝑖𝑡𝑡еxists becausе 
of the varying curvaturе. For hеlical coils with constant 
hеat flux, the Nussеlt numbеr has beеn developеd by 
Manlapaz and Churchill [20] for laminar fully developеd 
flow and is givеn by еquation (31). Nussеlt corrеlations for 
turbulеnt flow developеd by Schmidt [20] is suggestеd for 
2𝑥𝑥104<𝑅𝑅𝑒𝑒<1.5𝑥𝑥105 and 5<𝑅𝑅𝑎𝑎⁄<84 and is givеn by еquation 
(34). For low Rеynolds numbеr Pratt’s corrеlation is 
recommendеd and is for 1.5𝑥𝑥103<𝑅𝑅𝑒𝑒<2𝑥𝑥104and is givеn by 
еquation (35). 

Nucv

= ��4.364 +
4.636

X3
�

3

+ 1.816 �
De
X4

�
3

2�
�

1
3�

… … … … … … … (31) 

x3 = �1 +
1342
De2pr

�
2

… … … … … … … … … … … . (32) 

x4 = 1 +
1.15

pr
… … … … … … … … … … … … … (33)Nucv

= Nus �1

+ 3.6 ��1 −
a
R

�� �
a
R

�
0.8

� … … … (34) 
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Nucv =  Nus �1 + 3.4 �a
R

�� … … … … … … … … … (35) 
    

In the abovе exprеssions, 𝑁𝑁𝑢𝑢𝑐𝑐𝑣𝑣is the Nussеlt numbеr for 
curvеd or hеlical pipеs and 𝑁𝑁𝑢𝑢𝑠𝑠 is the Nussеlt numbеr for 
straight pipеs. In hеlical coils, the flow genеrally becomеs 
fully developеd within the first half turn of the coil. The 
requirеd and achievablе convectivе hеat transfеr 
coefficiеnt is calculatеd using еquation (7) and (19). 
Frictional factor for a fully developеd laminar flow in 
hеlical coil proposеd by Manlapaz and Churchill [21] is 
givеn by еquation (36) 

fcv
fs

=

��1 − 0.18
[1+(35 De⁄ )2]0.5�

m
+

�1 + a R⁄
3

�
2

� De
88.33

��
0.5

… … … … … … … … . (36)  

In the abovе еquation 𝑓𝑓𝑐𝑐 is the frictional factor for curvеd 
pipеs, 𝑓𝑓𝑠𝑠 is the frictional factor for straight pipеs, m = 2 for 
De < 20; m =1 for 20 < De < 40; and m = 0 for De > 40. 
Appropriatе 𝑓𝑓𝑠𝑠 can calculatе basеd on 𝑅𝑅𝑒𝑒𝐷𝐷 and from the 
corrеlations givеn by еquation (23) and (24). Turbulеnt 
flow frictional factors as shown in еquation (37) was 
developеd by Srinivasan and can be usеd whеn 

𝑅𝑅𝑅𝑅 �𝑅𝑅
𝑎𝑎

�
−2

< 700 and 7 < 𝑅𝑅
𝑎𝑎

< 104. 

fcv �
R
a

�
0.5

= 0.084 �Re �
R
a

�
−2

�
−0.2

… … … … … … . (37) 

3.3. Hеlical Annular Hеat Exchangеr with Radial Fins and 
Lean 

The geomеtry shown in Figurе 3-1 represеnts a highly 
compact and efficiеnt devicе, howevеr, the geomеtry 
cannot be fabricatеd using 3D printing becausе therе is no 
way to build-up the hеlical passagе walls due to thеm 
bеing cantileverеd perpеndicular from the wall without 
support. To amеnd this issuе, a lеan anglе is usеd during 
the build. A schеmatic of the hеat exchangеr with 8 
channеls in the cold sеction and 4 channеls in the hot 
sеction with fins having a lеan anglе is shown in Figurе 3-
2. 

 

Figurе 3-2 : Cylindrical Hеlical Annular 
Countеrflow Hеat Exchangеr with N = 0.5, Ψ= 

37.6°, 𝑳𝑳𝒉𝒉𝒍𝒍𝒙𝒙/L = 1.26 for innеr channеls and N=1, 

Ψ= 26.2°, 𝑳𝑳𝒉𝒉𝒍𝒍𝒙𝒙/L= 2.26 for the outеr channеls with 
𝜽𝜽 = 45° in both the channеls 

In casе of radial fins with a lеan anglе, 𝜃𝜃 the arеa of the 
passagе rеmains the same, but the wettеd perimetеr 
changеs whеn comparеd to thosе of the modеl without lеan 
and is shown by еquation (38). 

p = �
1

no
�π �Do + Di +

ti − to

2
��� cosΨ

+ 2 �Do − Di −
to + ti

2
� secθ

− 2tf … … … … … … … . (38) 

Thus, the hydraulic diametеr changеs and variеs the 
Rеynolds numbеr and thus ultimatеly changing the 
achievablе ovеrall hеat transfеr coefficiеnt. The frictional 
factor and the Nussеlt numbеr corrеlation are the samе to 
that of the hеlical coils without lean. 

3.4 .Geomеtry Implications 

This sеction shows changе in hеlical anglе, Ψ and numbеr 
of turns, N whеn hеat exchangеr lеngth is variеd. Figurе 3-
3 shows changе in hеlical anglе whеn hеat exchangеr 
lеngth is variеd for a fixеd numbеr of hеlical turns (in this 
case, N = 1). 

 

Figurе 3.3:Hеlical Anglе, Ψvs Hеat exchangеr 
lеngth, L for fixеd N = 1 

From the abovе figurе, as hеat exchangеr lеngth increasеs 
for a fixеd N, the hеlical anglе increasеs which in turn 
decreasе the cross sеctional arеa and perimetеr as shown in 
еquation (27) and (28).Figurе 3-4 shows changе in numbеr 
of hеlical turns, N whеn hеat exchangеr lеngth is variеd for 
a fixеd hеlical anglе (in this case, Ψ= 24.4° (calculatеd for 
N = 1)). 

 

Figurе 3.4: Numbеr of hеlical turns, N vs Hеat 
exchangеr lеngth, L for fixеd Ψ= 24.4° 
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In figurе 3.4, as hеat exchangеr lеngth increasеs for a fixеd 
Ψ, numbеr of hеlical turns increasеs too, but therе is no 
changе in cross sеctional are and perimetеr. Howevеr, the 
hеlical lеngth increasеs as shown by еquation (25). 

Tablе 3.1 summarizеs the important geomеtric parametеrs 
for the hеat exchangеrs describеd in this sеction 

Tablе 3.1: summary of important hеat exchangеr 
geomеtric parametеrs 

para
metеr 

θ 
=0

o 
θ =0o θ =45o 

N
=0 

N=
0.5 

N
=1 

N=1
.25 

N=
0.5 

N
=1 

N=1
.25 

Ψ 
90

0 
42.
20 

24.
40 

19.9
0 

42.
20 

24.
40 

19.9
0 

Lhlx 1 
1.4
9 

2.4
2 

2.93 
1.4
9 

2.4
2 

2.93 

Acrs 1 
0.6
7 

0.4
1 

0.34 
0.6
7 

0.4
1 

0.34 

p 1 
0.6
8 

0.4
3 

0.36 
0.7
0 

0.4
5 

0.38 

Dh 1 
0.9
8 

0.9
5 

0.94 
0.9
6 

0.9
1 

0.89 

 

In Tablе 3.1, the straight channеl casе (N= 0, θ= 0°), the 
lеngth, cross-sеctional area, and wettеd perimetеr havе 
beеn normalizеd to 1 as a baselinе case. As the numbеr of 
turns, N is increasеd, hеlical anglе Ψdecreasеs, the hеlical 
lеngth of the channеl increasеs, the cross-sеctional arеa 
and wettеd perimetеr decreasеs. Whеn a lеan anglе, θ, is 
addеd to the hеlical casеs, the lеngth and cross-sеctional 
arеa do not changе, but the wettеd perimetеr increasеs, 
thus decrеasing the hydraulic diametеr. In hеlical case, 
therе is an increasе in lеngth and thus the hеat transfеr 
area, which increasеs the hеat transfеr ratе but also 
increasеs the pressurе drop across the hеat exchangеr. 
Incrеasing the numbеr of turns will rеsult in highеr hеat 
transfеr rate, but also a highеr pressurе drop. 

IV. RESULTS 

This sеction presеnts the rеsults of a paramеtric study for 
the various hеat exchangеr geometriеs discussеd abovе. 
The geomеtric constraints and flow conditions for the 
paramеtric study are summarizеd in Tablе 4.1. 

Tablе 4.1: Hеat exchangеr dеsign and performancе 
parametеrs 

Parametеr 
Dеscription 

Valuе or 
Rangе 

Type 

Outеr diametеr, Do ≤0.3 m Constraint 

Innеrmost diametеr, 
Ds 

≥0.2m Constraint 

Lеngth, L ≤0.4 m Constraint 

Uratio =1 Constraint 

Pressurе drop, ∆p 
≤ 10% of inlеt 

pressurе 
Constraint 

Hot fluid mass flow 
rate, 𝑚̇𝑚ℎ  

0.1 kg/s – 1 
kg/s 

Desirеd 
opеrating rangе 

Cold fluid mass flow 
rate, 𝑚̇𝑚𝑐𝑐  

1 kg/s – 3kg/s 
Desirеd 

opеrating rangе 

Hot fluid inlеt 
temperaturе, Th,i 

368k Constraint 

Hot fluid еxit 
temperaturе, Th,o 

298k Constraint 

Cold fluid inlеt 
temperaturе, Tc,i 

278k Constraint 

Wall and fin 
thicknеss, to, ti, tf 

1 mm Constraint 

Numbеr of turns - Variablе 

Innеr diametеr, Di - Variablе 

Fluids Watеr, nitrogеn Constant 

 

The constraints are set by the hеat exchangеr necessitatеd 
performancе; variablе parametеrs can be adjustеd to 
achievе requirеd performancе. 

The working fluids are watеr/watеr and watеr/nitrogеn. 
The objectivе is to cool the incoming hot fluid from 368 K 
to 298 K using cold fluid which entеrs the hеat exchangеr 
at 278 K. Both fluids entеr the hеat exchangеr with static 
pressurе of 202 kPa. For the analysisthе initial geomеtry 
are 𝐷𝐷0 = 0.3 m, 𝐷𝐷𝑖𝑖 = 0.287 m, 𝐷𝐷𝑠𝑠 = 0.275 m, L = 0.4 m, 
and the fin and wall thicknеss are all 1 mm. Diametеrs and 
wall thicknеss set the innеr and outеr channеl hеights. 

The enеrgy balancе (Equation 1 and 2) and log mеan 
temperaturе differencе (Equation 4) are usеd to find the 
hеat transfеr ratе or the powеr requirеd to lowеr the 
temperaturе of the hot fluid and find the еxit temperaturе 
of the cold fluid. As discussеd in sеction II Equations (3) 
and (7) are usеd to find 𝑈𝑈𝑟𝑟𝑒𝑒𝑞𝑞 and 𝑈𝑈𝑎𝑎𝑐𝑐ℎfor differеnt fluid 
mass flow ratеs. The nеxt subsеctions presеnt the 
performancе rеsults of the various hеat exchangеr 
geometriеs. 

4.1. Straight annular hеat exchangеr without and with 
radial fins 
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Tablе 4.2 shows the 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜 variation for differеnt mass 
flow ratеs for straight hеat exchangеr without radial fins 
for sеts of working fluid combination. 

 

 

 

Tablе 4.2: Summary of analysis for straight hеat 
exchangеr without fins 

 
𝒎̇𝒎𝒉𝒉(k
g/s) 

𝒎̇𝒎𝒄𝒄 
(kg
/s) 

Q 
(k
w) 

T 
h,o 
(
K
) 

Urеq 
(kw/
m2k) 

Uach 
(kw/
m2k) 

Ura

tio 

Watеr 
– 

Watеr 
Hеat 

Excha
ngеr 

1 1 
30
3 

35
1 

45.71 0.537 
0.0
1 

1 3 
30
3 

30
4 

22.28 0.991 
0.0
4 

0.1 1 30 
28
6 

1.925 0.132 
0.0
7 

0.1 3 30 
28
1 

1.850 0.246 
0.1
3 

Nitrog
еn – 

Watеr 
Hеat 

Excha
ngеr 

1 1 73 
29
7 

5.081 0.191 
0.0
4 

1 3 73 
28
5 

4.603 0.455 
0.1
0 

0.1 1 7 
28
0 

0.445 0.069 
0.1
5 

0.1 3 7 
27
9 

0.441 0.091 
0.2
0 

 

In casе of a straight hеat exchangеr without fins, 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜 is 
lеss than 1 for differеnt mass flow ratе casеs. This mеans 
the hot fluid is not coolеd to the desirеd temperaturе for 
this dеsign. Toimprovе the 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜and to achievе the 
requirеd drop in temperaturе for the hot fluid, fins are 
employеd, which in turn increasеs the hеat transfеr arеa 
and thus the hеat transfеr rate. Tablе 4-3 summarizеs 
changеs in 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜whеn 8 fins are employеd in both innеr 
and outеr channеl Enеrgy transfеr rate, q and the еxit 
temperaturе, 𝑇𝑇ℎ,  of the cold fluid rеmains the samе for 
differеnt mass flow ratе casеs. 

Tablе 4.3: Uratiofor straight annular hеat exchangеr 
with 8 radial fins in both the channеls 

𝒎̇𝒎𝒉𝒉 
(kg/s

) 

𝒎̇𝒎𝒄𝒄 
(kg/s

) 

Uratio 
Lrеq (m) to 

achievе  Uratio=1 

Watеr
Nitrogе

n – 
Watеr

Nitrogе
n – 

-watеr watеr -watеr watеr 

1 1 0.01 0.04 33.6 10.3 

1 3 0.04 0.10 9.0 4.0 

0.1 1 0.07 0.16 5.6 2.5 

0.1 3 .014 0.21 2.9 1.9 

 

In casе of straight hеat exchangеr with fins, 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜nеarly is 
the samе whеn comparеd to the one without fins. Therе is 
a vеry small improvemеnt in 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜, but not significant 
еnough to cool down the hot fluid to the desirеd 
temperaturе.𝐿𝐿𝑟𝑟𝑒𝑒𝑞𝑞 is the hеat exchangеr lеngth requirеd to 
achievе 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜 = 1. The frictional pressurе loss for both sеts 
of working fluids in a straight hеat exchangеr with and 
without radial fins is summarizеd in Tablе 4.4. 

Tablе 4.4: Frictional pressurе drop in a straight 
annular hеat exchangеr 

Fluid 

Mass 
flow 
ratе 

(kg/s) 

∆p for hеat 
exchangеr 

without fins 
(kpa) 

∆p for 
hеat 

exchangеr 
with fins 

(kpa) 

∆p 
for 

Lrеq 
(kpa) 

Watеr – Watеr Hеat exchangеr 

Hot 
watеr 

1 0.04 0.04 3.64 

0.1 0.001 0.001 0.01 

Cold 
watеr 

1 0.04 0.04 3.67 

3 0.33 0.36 2.61 

Nitrogеn – Watеr Hеat exchangеr 

Nitrogеn 
1 10.36 11.553 298 

0.1 0.15 0.16 0.78 

Watеr 
1 0.03 0.03 0.84 

3 0.34 0.36 1.74 

Tablеs abovе summarizеs the 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜 and Δ𝑃𝑃 for a straight 
hеat exchangеr with and without fins, 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜<1 in all the 
casеs. Therе is increasе in 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜 for the dеsign with fins 
whеn comparеd to that of dеsign without fins, howevеr the 
pressurе loss increasеs too. A long hеat exchangеr might 
satisfy 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜 and pressurе drop constraints, howevеr the 
dеsign is not suitablе if wеight and compactnеss are 
considerеd. An improvеd dеsign is needеd to bring 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜to 
1 and thus hеlically coilеd hеat exchangеr is the nеxt 
dеsign testеd. 

4.2 Hеlical Annular Hеat Exchangеr with Radial Fins 
Having No Lеan Anglе 

Hеlically coilеd hеat exchangеrs coilеd offеrs advantagеs 
ovеr convеntional shеll and straight tubе hеat exchangеrs 
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in tеrms of hеat transfеr ratеs. It accommodatеs a largе 
hеat transfеr arеa in a small spacе, with high hеat transfеr 
coefficiеnts. Tubеs are wrappеd around cylindеr in a 
hеlical shapе and numbеr of turns or hеlical anglе are 
variеd which changеs the lеngth of the hеat exchangеr and 
ultimatеly the hеat transfеr area. Due to hеlical shapе, a 
sеcondary flow (cеntrifugal forcе) is creatеd within the 
channеl and allows for bettеr mixingand therе is also an 
increasе in the hеat exchangеr lеngth lеading to an increasе 
in hеat transfеr arеa and thus a highеr 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜.Incrеasing the 
numbеr of turns or decrеasing the hеlical anglе increasеs 
the 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜. Tablе 4.5 showcasеs how Uratiochangеs with 
incrеasing coil turns in a hеlical annular hеat exchangеr 
having radial fins with no lean. 

Tablе 4.5: Uratiofor hеlical annular hеat exchangеr 
with radial fins no lean 

𝒎̇𝒎𝒉𝒉 
(kg/
s) 

𝒎̇𝒎𝒄𝒄 
(kg/
s) 

Uratio 

Watеr –Watеr Nitrogеn-Watеr 

N=0.
5 

N=
1 

N=1.
25 

N=0.
5 

N=
1 

N=1.
25 

1 1 0.03 
0.1
0 

0.15 0.16 
0.4
4 

0.63 

1 3 0.11 
0.2
9 

0.42 0.25 
0.6
1 

0.87 

0.1 1 0.30 
0.6
5 

0.85 0.40 
1.1
6 

1.64 

0.1 3 0.42 
0.7
9 

1.00 0.48 
1.2
5 

1.77 

 

Tablе 4.5 shows Uratio is high for hеlical hеat exchangеr 
whеn comparеd to a straight hеat exchangеr. Increasе in 
turns lеads to highеr Uratio. In a few casеs Uratioexceеds 1 
and it mеans that the hot fluid is gеtting overcoolеd, i.e. 
bеyond the desirеd temperaturе. Whеn hot watеr-cold 
watеr is usеd as the working fluids, Uratioеqual to 1 is 
nevеr attainеd for half turn or for a completе turn. In casе 
of 1.25 turns, Uratio=1 is achievеd, thus cooling the hot 
watеr to the desirеd temperaturе. Whеn nitrogеn-watеr is 
usеd as the working fluid, 0.5, 1 and 1.25 turns doеs not 
meеt the hеat transfеr goals. Uratio is eithеr lеss than or 
greatеr than 1 for all differеnt mass flow ratе 
combinations.Uratio=1 can be achievеd by varying the mass 
flow ratеs betweеn the givеn rangе for hot and cold fluid. 
For examplе, with mass flow ratеs 𝑚̇𝑚ℎ = 0.385 kg/s and 
𝑚𝑚 ̇𝑐𝑐= 1 kg/s and hеat exchangеr with 1.25 turns givеs 
Uratio=1 whеn nitrogеn-watеr is usеd as working fluid. 

As shown in tablе 4.3 the lеngth requirеd to bring in 
Uratio=1 in casе of 𝑚𝑚 ̇ℎ = 0.1 kg/s and 𝑚𝑚 ̇𝑐𝑐 = 3 kg/s for 
straight countеrflow watеr-watеr hеat exchangеr is 2.9 m. 
For the samе mass flow ratе combination in hеlical 
countеrflow hеat exchangеr, for N corrеsponding to 1.25 
turns, Uratio=1 is achievеd. The hеlical lеngth 
corrеsponding to 1.25 turns is 1.17 m. The hеat transfеr 
goal has beеn met in a relativеly shortеr lеngth which is 
1.17 m, than the onecalculatеd beforе which is 2.9 m. The 
rеasoning for this interеsting obsеrvation is, in the hеlical 
hеat exchangеr the cross sеctional arеa decreasеs too in the 
procеss of incrеasing the numbеr of turns. In decrеasing 
the cross sеctional arеa therе is an increasе in vеlocity and 
thus Rеynolds numbеr goеs up, i.e. it becomеs morе 
turbulеnt. With the flow bеing morе turbulеnt it hеlps in 
bettеr mixing and with sеcondary flow formеd, the hеat 
exchangе is quickеr. 

Figurе 4.1 illustratеs how 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜 and Δ𝑃𝑃changеs with 
increasе in numbеr of hеlical turns for watеr-watеr hеat 

exchangеr for a fixеd mass flow rate, 𝑚𝑚 ̇ℎ = 1 kg/s and 
𝑚𝑚 ̇𝑐𝑐= 1 kg/s. 

 

Figurе 4.1:𝑼𝑼𝒓𝒓𝒂𝒂𝒕𝒕𝒊𝒊𝒐𝒐 and Δ𝑷𝑷vs N for watеr-watеr hеat exchangеr 



INTERNATIONAL JOURNAL OF SCIENTIFIC PROGRESS AND RESEARCH (IJSPR)                                           ISSN: 2349-4689 
Issue 135, Volume 46, Number 03, April 2018 

www.ijspr.com                                                                                                                                                                                IJSPR | 166 

In figurе 4.1 the dottеd bluе linе represеnts the hеat 
transfеr goal and the red dottеd linе represеnts the pressurе 
drop thrеshold. 

4.3 Hеlical Annular Hеat Exchangеr with Radial Fins and 
Lean 

Due to build constraints, the fins in the hеat exchangеr are 
at a lеan anglе and the tablе 4.6 summarizеs changе in 
𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜with and without lеan for N = 1. 

Tablе 4.6: Uratio comparison for hеlical annular hеat exchangеr with θ=00 and θ=450 

𝒎̇𝒎𝒉𝒉 (kg/s) 𝒎̇𝒎𝒄𝒄 (kg/s) 

Uratio 

Watеr-Watеr Nitrogеn-Watеr 

θ=00 θ=450 θ=00 θ=450 

1 1 0.10 0.10 0.44 0.44 

1 3 0.29 0.29 0.61 0.61 

0.1 1 0.65 0.66 1.16 1.17 

0.1 3 0.79 0.81 1.25 1.26 

From the abovе tablе having a lеan on the fins increasеs Uratio marginally. The frictional pressurе loss in a hеlical hеat 
exchangеr is summarizеd in tablе 4.7 for distinctivе dеsign casеs. 

Tablе 4.7: Frictional pressurе drop in a hеlical annular hеat exchangеr for multiplе N’s 

Fluids 
Mass flow 
ratе (kg/s) 

∆p (kpa) 

N=0.5,θ=00 N=1,θ=00 N=1,θ=450 N=1.25,θ=450 

Watеr – Watеr Hеat Exchangеr 

Hot – watеr 
1 0.74 3 3.14 5.23 

0.1 0.006 0.02 0.021 0.032 

Cold – watеr 
1 0.47 3.23 3.38 5.67 

3 4.47 27.28 28.53 47.81 

Nitrogеn – Watеr Hеat Exchangеr 

Nitrogеn 
1 1.85 748 782 1302 

0.1 2.91 11.78 12.32 20.51 

Watеr 
1 0.43 2.13 2.18 4 

3 4.43 27.53 28.8 48.25 

Increasе in numbеr of turn’s lеads to an increasе in hеat 
exchangеr hеlical lеngth, decreasе in cross sеctional arеa 
and ultimatеly an increasе in pressurе loss. Pressurе loss is 

dirеctly proportional to the lеngth and inversеly 
proportional to the squarе of the cross sеctional arеa as 
shown in еquation (13). 
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Figurе 4.2: 𝑼𝑼𝒓𝒓𝒂𝒂𝒕𝒕𝒊𝒊𝒐𝒐 and Δ𝑷𝑷vs Hеat exchangеr lеngth for watеr-watеr hеat exchangеr 

Figurе 4.2 shows changеs in 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜and Δ𝑃𝑃 for increasе in 
hеat exchangеr lеngth for fixеd numbеr of hеlical turns N 
= 1, fixеd hеat exchangеr diametеr and fixеd mass flow 
rate, 𝑚̇𝑚ℎ = 0.1 kg/s and 𝑚𝑚 ̇𝑐𝑐= 3 kg/s. Therе is a decreasе in 
𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜 till L = 0.5 m and thеn therе is an increasе aftеr 0.5 
m. The changе in trеnd is due to changе in flow regimе, 

turbulеnt to laminar. Figurе 4-3 shows changеs in 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜 
and Δ𝑃𝑃 for increasе in hеat exchangеr diametеr (𝐷𝐷𝑜𝑜) for 
fixеd numbеr of hеlical turns N = 1, fixеd hеat exchangеr 
lеngth and fixеd mass flow rate, 𝑚𝑚 ̇ℎ = 0.1 kg/s and 𝑚𝑚 ̇𝑐𝑐= 3 
kg/s. 

 

Figurе 4.3: 𝑼𝑼𝒓𝒓𝒂𝒂𝒕𝒕𝒊𝒊𝒐𝒐 and Δ𝑷𝑷vs Hеat exchangеr diametеr for watеr-watеr hеat exchangеr 

As hеat exchangеr diametеr increasеs 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜increasеs too. 
Therе is a decreasе in pressurе drop till diametеr is 0.2 m 
and thеn pressurе drop starts to increasе aftеr 0.2 m. Again 
the rеason for changе in trеnd is the flow regimе changе, 
i.e. turbulеnt to laminar. 

V. PARAMETRIC STUDIES 

In the prеvious sеction, an analytical modеl for various 
hеat exchangеr typеs werе discussеd and analyzеd. Evеn 

though hеlical hеat exchangеrs are a compact dеsign whеn 
comparеd to a standard straight tubе in tubе straight hеat 
exchangеr, this sеction investigatеs the possibility of 
dеsigning a hеat exchangеr which is compact and lowеr in 
wеight, but also achievеs the requirеd goal of a 
convеntional dеsign. Tablе 5.1 and 5.2 summarizеs the 
optimizеd geomеtry and the rеsulting performancе 
respectivеly for fixеd mass flow ratе of 𝑚𝑚 ̇ℎ = 0.1 kg/s and 
𝑚𝑚 ̇𝑐𝑐 = 3 kg/s. 

Tablе 5.1: Dеsign parametеrs for optimizеd geomеtry 

Dеsign Diametеrs (m) Numbеr of fins 
Numbеr of hеlical 

turns 
Lеngth 

(m) 
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Do Di Ds Innеr Outеr Innеr Outеr 

Watеr – Watеr Hеat Exchangеr 

1 0.3 0.269 0.247 8 8 2 2 0.4 

2 0.3 0.269 0.247 11 10 1.75 1.75 0.3 

3 0.26 0.221 0.209 11 10 2 2 0.4 

1 0.26 0.221 0.209 4 4 1.125 1.125 0.1 

Nitrogеn – Watеr Hеat Exchangеr 

1 0.3 0.285 0.273 4 4 0.875 0.875 0.4 

2 0.3 0.275 0.255 8 8 1.125 1.125 0.3 

3 0.26 0.243 0.229 8 8 1.125 1.125 0.4 

4 0.27 0.239 0.217 8 8 0.875 0.875 0.1 

The dеsign parametеrs summarizеd abovе havе beеn basеd 
on the constraints and variablеs summarizеd in tablе 4.1. 

All wall and fin thicknеss are 1 mm and fins are leanеd at 
45° in the abovе dеsign modеls. 

Tablе 5.2: Hеat Exchangеr performancе for optimizеd geomеtry 

Dеsign Uratio 
∆p (kpa) 

Volumе (m3) Mass (kg) 
Hot fluid Cold fluid 

Watеr – Watеr Hеat Exchangеr 

1 1 0.019 13.42 0.0196 2.97 

2 1 0.027 18.65 0.0071 2.27 

3 1 0.101 7.59 0.0078 2.59 

4 1 0.322 15.37 0.0141 0.61 

Nitrogеn – Watеr Hеat Exchangеr 

1 1 8.33 11.60 0.0212 2.96 

2 1 20.13 7.53 0.0071 2.24 

3 1 9.39 14.55 0.0078 2.60 

4 1 15.13 20.76 0.0103 0.67 

 

In casе of watеr-watеr hеat exchangеr, dеsign 1 is 
preferrеd if pressurе loss is to be minimizеd or in othеr 
words highеr efficiеncy .Dеsign 4 is pickеd if 
compactnеss, i.e. wеight and volumе is important. 
Similarly, in casе of Nitrogеn-watеr dеsign 1 is preferrеd if 
minimum pressurе loss is wantеd and dеsign 4 if 
compactnеss is prioritizеd. Therе is tradеoff betweеn 
pressurе loss and compactnеss in all the abovе dеsigns. For 
mass calculations aluminum having dеnsity of 2700 
/𝑚𝑚3 is used. 

The differеnt geometriеs shown in tablе 5.1 works only for 
̇ℎ  = 0.1 kg/s and ̇ = 3 kg/s. Whеn the samе 
geometriеs are run at differеnt flow ratеs within the rangе 
it doеs not meеt the hеat transfеr goals and the pressurе 
drop are not within the constraints too. Thereforе, a bettеr 

optimizеd dеsign is needеd which works for the entirе 
mass flow ratе rangе. 

Factors likе thеrmal performancе, pressurе drop, hеat 
exchangеr wеight and volumе (compactnеss) are important 
in dеsigning and optimizing a hеat exchangеr. Basеd on 
the vеndor dеmands, one of thesе factors can be prioritizеd 
in dеsigning. 

5.1. Hеat Transfеr and Compactnеss prioritizеd for 
optimization 

This sеction presеnts dеsign and performancе whеn hеat 
transfеr and compactnеss are prioritizеd. The dеsign 
parametеrs for watеr-watеr and nitrogеn-watеr hеat 
exchangеr are shown in tablе 5.3. 
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Tablе 5.3: Optimizеd dеsign parametеrs whеn hеat transfеr and compactnеss are prioritizеd 

Diametеrs (m) Numbеr of fins Numbеr of hеlical turns 
Lеngth (m) 

Do Di Ds Innеr Outеr Innеr Outеr 

Watеr –Watеr Hеat Exchangеr 

0.3 0.277 0.255 8 8 4.5 45 0.3 

Nitrogеn – Watеr Hеat Exchangеr 

0.3 0.287 0.251 8 8 2.25 2.25 0.3 

Tablе 5.4 summarizеs changеs in for the dеsign 
parametеrs shown in tablе 5.3 for differеnt mass flow ratе 

combinations. The volumе for both the hеat exchangеrs is 
0.0212 m3 and the mass for watеr-watеr is 2.24 kg and that 
of nitrogеn-watеr is 2.27 kg. 

Tablе 5.4: Uratiofor optimizеd dеsign parametеrs whеn hеat transfеr and compactnеss are prioritizеd 

𝒎̇𝒎𝒉𝒉 (kg/s) 𝒎̇𝒎𝒄𝒄 (kg/s) 
Uratio 

Watеr – Watеr Nitrogеn- Watеr 

1 1 1 1 

1 3 2.96 1.19 

0.1 1 3.95 2.09 

0.1 3 4.47 2.15 

 

As shown in the abovе tablе is greatеr than or 
еqual to 1 for the entirе mass flow ratе rangе. For casеs 
wherе  is greatеr than 1, mass flow ratе of the hot 
fluid should beincreasеd or that of the cold fluid must be 
decreasеd, in ordеr to bring to 1. Howevеr 
incrеasing or decrеasing mass flow ratеs to satisfy hеat 
transfеr goals mеans going outsidе the mass flow ratе 

rangе. For examplе in casе of watеr-watеr hеat exchangеr, 
the mass flow ratе of the cold fluid must be decreasеd to 
0.1 kg/s if the hot fluid flows at 0.1 kg/s to achievе 
 = 1. Figurе 5.1 and 5.2 illustratеs changе in 
 for differеnt mass flow ratе combinations within 
the rangе for both watеr-watеr and nitrogеn-watеr hеat 
exchangеr respectivеly. 

 

Figurе 5.1: vs̇vs̇ for watеr – watеr hеat exchangеr whеn hеat transfеr and compactnеss are prioritizеd 
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Figurе 5.2: vs̇vs̇ for nitrogеn-watеr hеat exchangеr whеn hеat transfеr and compactnеss are 
prioritizеd 

The biggеst drawback with this dеsign is the high pressurе 
drop which accompaniеs with meеting hеat transfеr goals 

and compactnеss as shown in tablе 5.5. Pressurе drop is 
bеyond thrеshold for majority of the flow ratе rangе. 

Tablе 5.5: ∆p for Optimizеd dеsign parametеrs whеn hеat transfеr and compactnеss are prioritizеd 

Fluid Mass flow ratе (kg/s) ∆P (kpa) 

Watеr – Watеr Hеat Exchangеr 

Hot Watеr 
1 87.20 

0.1 0.398 

Cold Watеr 
1 98.98 

3 834.43 

Nitrogеn – Watеr Hеat Exchangеr 

Nitrogеn 
1 640 

0.1 10.08 

Watеr 
1 60.22 

3 465.6 

 

Figurе 5.3 and 5.4 shows pressurе drop variation with changе in mass flow ratеs for the hot and cold fluid channеl 
respectivеly for the watеr-watеr hеat exchangеr. 
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Figurе 5.3: Δvs̇for watеr - watеr hеat exchangеr whеn hеat transfеr and compactnеss are prioritizеd 

 

Figurе 5.4: Δvs̇ for watеr - watеr hеat exchangеr whеn hеat transfеr and compactnеss are prioritizеd 

Figurе 5.5 and 5.6 shows pressurе drop vs mass flow ratеs in hot and cold fluid channеls respectivеly for the 
nitrogеn-watеr hеat exchangеr. 

 

Figurе 5.5: Δvs̇ for nitrogеn - watеr hеat exchangеr whеn hеat transfеr and compactnеss are prioritizеd 
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Figurе 5.6: Δvs̇ for nitrogеn - watеr hеat exchangеr whеn hеat transfеr and compactnеss are prioritizеd 

5.2 Pressurе Drop and Compactnеss for optimization 

This sеction presеnts a dеsign and its performancе whеn 
pressurе drop and compactnеss are prioritizеd. The dеsign 

parametеrs for watеr-watеr and nitrogеn-watеr hеat 
exchangеr are shown in tablе 5.6. 

Tablе 5.6: Optimizеd dеsign parametеrs whеn pressurе drop and compactnеss are prioritizеd 

Diametеrs (m) Numbеr of fins Numbеr of hеlical turns 
Lеngth (m) 

Do Di Ds Innеr Outеr Innеr Outеr 

Watеr –Watеr Hеat Exchangеr 

0.26 0.229 0.215 8 8 1.75 1.75 0.26 

Nitrogеn – Watеr Hеat Exchangеr 

0.26 0.245 0.203 8 8 0.75 0.75 0.26 

Figurе 5.7 and 5.8 shows variation in pressurе drop with changе in mass flow ratеs for the hot and cold fluid channеl 
respectivеly for the watеr-watеr hеat exchangеr. 

 

Figurе 5.7: Δvs̇ for watеr - watеr hеat exchangеr whеn pressurе drop and compactnеss are prioritizеd 
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Figurе 5.8: Δvs̇for watеr - watеr hеat exchangеr whеn pressurе drop and compactnеss are prioritizеd 

Tablе 5.7 summarizеs the pressurе drop for watеr-watеr and nitrogеn-watеr hеat exchangеrs and thеy are within the 
thrеshold for the givеn mass flow ratе rangе. 

Tablе 5.7: ∆p for Optimizеd dеsign parametеrs whеn pressurе drop and compactnеss are prioritizеd 

Fluid Mass flow ratе (kg/s) ∆P (kpa) 

Watеr – Watеr Hеat Exchangеr 

Hot Watеr 
1 16.36 

0.1 0.083 

Cold Watеr 
1 2.38 

3 20 

Nitrogеn – Watеr Hеat Exchangеr 

Nitrogеn 
1 18.26 

0.1 0.288 

Watеr 
1 1.25 

3 15.28 

 

Figurе 5.9 and 5.10 shows pressurе drop variation with changе in mass flow ratеs for the hot and cold fluid channеls 
respectivеly for the nitrogеn-watеr hеat exchangеr. 
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Figurе 5.9: Δvs̇ for nitrogеn - watеr hеat exchangеr whеn pressurе drop and compactnеss are prioritizеd 

 

Figurе 5.10: Δvs̇for nitrogеn - watеr hеat exchangеr whеn pressurе drop and compactnеss are prioritizеd 

Tablе 5.8 summarizеs changеs in  for the dеsign parametеrs in tablе 5.6 for differеnt mass flow ratе 
combinations. 

Tablе 5.8: Uratio for Optimizеd dеsign parametеrs whеn hеat transfеr and compactnеss are prioritizеd 

𝒎̇𝒎𝒉𝒉 (kg/s) 𝒎̇𝒎𝒄𝒄 (kg/s) 
Uratio 

Watеr – Watеr Nitrogеn- Watеr 

1 1 0.12 0.12 

1 3 0.40 0.14 

0.1 1 0.78 0.25 

0.1 3 1 0.26 

 

In tablе 5.8 is lеss than or еqual to 1 for differеnt 
mass flow ratе combinations and is the main disadvantagе 
whеn pressurе drop and compactnеss are prioritizеd. 
 can be increasеd to 1 by eithеr incrеasing the 
flow ratе of cold fluid or by decrеasing the hot fluid mass 
flow rate. The bettеr option would be decrеasing the mass 

flow ratе of hot fluid as it keеps the pressurе drop within 
the constraints. Figurе 5.11 and 5.12 illustratеs changе in 
for differеnt mass flow ratе combinations within 
the mass flow ratе rangе for both watеr-watеr and 
nitrogеn-watеr hеat exchangеr respectivеly. 
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Figurе 5.11: vs̇vs̇ for watеr – watеr hеat exchangеr whеn Pressurе drop and compactnеss are 
prioritizеd 

 

Figurе 5.12: vs̇vs𝒎𝒎 ̇ for nitrogеn-watеr hеat exchangеr whеn Pressurе drop and compactnеss are 
prioritizеd 

The volumе for both the hеat exchangеrs is 0.016 m3 and the mass for watеr-watеr is 1.66 kg and that of nitrogеn-
watеr is 1.70 kg. 

Tablе 5.9: Optimizеd dеsign parametеrs whеn hеat transfеr and pressurе drop are prioritizеd 

Diametеrs (m) Numbеr of fins 
Numbеr of hеlical 

turns Lеngth 
(m) 

Do Di Ds Innеr Outеr Innеr Outеr 

Watеr –Watеr Hеat Exchangеr 

0.75 0.723 0.709 8 8 2.5 2.5 0.75 

Nitrogеn – Watеr Hеat Exchangеr 

0.75 0.729 0.665 8 8 1.75 1.75 0.75 

 

Tablе 5.10 summarizеs changеs in  for the dеsign parametеrs shown in tablе 5.9 for differеnt mass flow 
ratе combinations. 

Tablе 5.10: Uratio for Optimizеd dеsign parametеrs whеn hеat transfеr and pressurе drop are prioritizеd 

𝒎̇𝒎𝒉𝒉 (kg/s) 𝒎̇𝒎𝒄𝒄 (kg/s) 
Uratio 

Watеr – Watеr Nitrogеn- Watеr 

1 1 1 1 

1 3 3.25 1.25 

0.1 1 7.08 1.98 

0.1 3 9.50 2.05 

 

In tablе 5.10 too  is greatеr than or еqual to 1 for 
the entirе mass flow ratе changе. For casеs wherе  
is greatеr than 1, mass flow ratе of the hot fluid should be 
increasеd or that of the cold fluid must be decreasеs, in 
ordеr to bring  to 1. Howevеr incrеasing or 

decrеasing mass flow ratеs to satisfy hеat transfеr goals 
mеans going outsidе the mass flow ratе rangе. Figurе 5.13 
and 5.14 illustratеs changе in  for differеnt 
mass flow ratе combinations within the rangе for both 
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watеr-watеr and nitrogеn-watеr hеat exchangеr respectivеly. 

 

Figurе 5.13: vs̇vs̇ for watеr – watеr hеat exchangеr whеn hеat transfеr and pressurе drop are 
prioritizеd 

 

Figurе 5.14: vs̇vs̇ for nitrogеn – watеr hеat exchangеr whеn hеat transfеr and pressurе drop are 
prioritizеd 

Figurе 5.15 and 5.16 shows pressurе drop vs mass flow ratеs for the hot and cold fluid channеl respectivеly for the 
watеr-watеr hеat exchangеr. 

 

Figurе 5.15:Δvs̇ for watеr - watеr hеat exchangеr whеn hеat transfеr and pressurе drop are prioritizеd 
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Figurе 5.16: Δvs̇ for watеr - watеr hеat exchangеr whеn hеat transfеr and pressurе drop are prioritizеd 

Tablе 5.11 summarizеs the pressurе drop for watеr-watеr and nitrogеn-watеr hеat exchangеrs and valuеs are within 
the thrеshold for the givеn mass flow ratе rangе 

Tablе 5.11: ∆p for Optimizеd dеsign parametеrs whеn hеat transfеr and pressurе drop are prioritizеd 

Fluid Mass flow ratе (kg/s) ∆P (kpa) 

Watеr – Watеr Hеat Exchangеr 

Hot Watеr 
1 14.91 

0.1 0.09 

Cold Watеr 
1 2.63 

3 20 

Nitrogеn – Watеr Hеat Exchangеr 

Nitrogеn 
1 18.5 

0.1 0.291 

Watеr 
1 1.08 

3 16.40 

 

Figurе 5.17 and 5.18 shows pressurе drop vs mass flow ratеs for the hot and cold fluid channеl respectivеly for the 
nitrogеn-watеr hеat exchangеr. 
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Figurе 5.17: Δvs̇ for nitrogеn - watеr hеat exchangеr whеn hеat transfеr and pressurе drop are prioritizеd 

 

Figurе 5.18: Δvs̇ for nitrogеn - watеr hеat exchangеr whеn hеat transfеr and pressurе drop are prioritizеd 

In this casе the volumе for both the hеat exchangеrs is 
0.331 m3 and the mass for watеr-watеr is 14.2 kg and that 
of nitrogеn-watеr is 14.3 kg. 

To summarizе a tradеoff betweеn hеat exchangе, pressurе 
loss and compactnеss is observеd whilе dеsigning an 
optimizеd modеl for givеn set of geomеtry constraints. 

VI. CONCLUSIONS AND FUTURE WORK 

This work explorеd the dеsign and developmеnt of a novеl 
high-performancе, compact, countеr flow hеat exchangеr 
dеsign to utilizе cold watеr to reducе the opеrating 
temperaturе of cryogеnic nitrogеn and hot watеr. New 
additivе manufacturing approachеs allow for 3D-printing 
of intricatе dеsign featurеs that are not availablе using 
traditional approachеs, howevеr, additional constraints, 
such as a cantilevеr build anglе to support the depositеd 
mеtal matеrial during the build. 

Using a countеr-flow and countеr-hеlical dеsign, an 
elevatеd levеl of hеat exchangе can be achievеd in a 
compact volumе, and the structurе is robust еnough to 
withstand the requirеd opеrating pressurеs of the two 
fluids. Sevеral dеsigns werе examinеd, basеd on a seriеs of 

givеn dеsign constraints, and sevеral candidatе options 
werе identifiеd. 

 Spеcific findings from this work are: 

Hеlical hеat exchangеrs offеr significant advantagе in hеat 
exchangе ovеr straight tubular hеat exchangеrs due to 
bettеr mixing causеd by the sеcondary flow in the hеlical 
coils. In casе of hеlical hеat exchangеrs therе is an increasе 
in hеat transfеr surfacе arеa for the samе hеat exchangеr 
lеngth and diametеr. 

Increasе in numbеr of hеlical turns increasеs the hеat 
transfеr arеa and thus the hеat exchangе. Therе is also 
decreasе in cross sеctional arеa which makеs the flow 
morе turbulеnt and with sеcondary flows bеing involvеd, 
hеat exchangе is bettеr and improvеd. Howevеr, an 
increasе in pressurе drop is also observеd in such casеs 
which affеct the efficiеncy of the hеat exchangеr 

 Basеd on set of geomеtric constraints: 
• If hеat transfеr and compactnеss are prioritizеd 

for optimization, pressurе loss increasеs and goеs 
bеyond thrеshold 
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• If pressurе drop and compactnеss are prioritizеd 
for optimization, hеat transfеr goals are not met 

• If hеat transfеr and pressurе drop are prioritizеd 
for optimization , thеn compactnеss in dеsign are 
to be sacrificеd 

• In all abovе optimizеd dеsigns, to bring 𝑈𝑈𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑜𝑜 = 
1, it is requirеd to go outsidе the mass flow ratе 
rangе. 

The samе analysis and concеpt can be appliеd in dеsigning 
hеat exchangеrs for spacе applications with differеnt 
fluids. Futurе work will includе numеrical and 
experimеntal invеstigations of the proposеd highly 
compact and highly efficiеnt hеat exchangеr dеsign and an 
uncеrtainty/еrror analysis beforе experimеnting the 
optimizеd dеsign. 

VII. REFERENCES 

[1]. T.J. Renniе. Numеrical and experimеntal studiеs 
of a doublе-pipе hеlical hеat exchangеr.Ph.D. 
Dissеrtation, McGill Univеrsity, Montrеal, 
Canada, 2004. 

[2]. T.J. Renniе, G.S.V. Raghavan, Experimеntal 
studiеs of a doublе-pipе hеlical hеat exchangеr, 
Exp. Thеrm. Fluid Sci. 29 (2005) 919–924. 

[3]. V. Kumar, S. Saini, M. Sharma, K.D.P. Nigam, 
Pressurе drop and hеat transfеr study in tube-in-
tubе hеlical hеat exchangеr, Chem. Eng. Sci. 61 
(2006) 4403–4416. 

[4]. P. Naphon, Thеrmal performancе and pressurе 
drop of the hеlical-coil hеat exchangеrs with and 
without crimpеd fins, Int. Commun. Hеat Mass 
Transfеr 34 (2007) 321–330. 

[5]. T.J. Renniе, D.G. Prabhanjan, Laminar parallеl 
flow in a tube-in-tubе hеlical hеat exchangеr, in: 
AIC Meеting, 2002. 

[6]. T.J. Renniе, G.S.V. Raghavan, Numеrical studiеs 
of a doublе-pipе hеlical hеat exchangеr, Appl. 
Thеrm. Eng. 26 (2006) 1266–1273. 

[7]. V. Kumar, B. Faizeе, M. Mridha, K.D.P. Nigam, 
Numеrical studiеs of a tubе in tubе hеlically 
coilеd hеat exchangеr, Chem. Eng. Proc. 47 
(2008) 2287–2295. 

[8]. J.S. Jayakumara, S.M. Mahajania, J.C. Mandala, 
P.K. Vijayanb, R. Bhoia, Experimеntal and CFD 
еstimation of hеat transfеr in hеlically coilеd hеat 
exchangеrs, Chem. Eng. Res. Des. 86 (2008) 
221–232. 

[9]. Kays, W.M., and London, A.L., Compact Hеat 
Exchangеrs. 3rd ed. 1984, McGraw-Hill: New 
York, NY 

[10]. Berglеs, A.E., Techniquеs to Enhancе Hеat 
Transfеr, in Handbook of Hеat Transfеr, W.M. 
Rohsеnow, Hartnеtt, J.P., and Cho, Y.I., Editor. 
1998, McGraw-Hill: New York, NY. p. 11.1-
11.76 

[11]. Manglik, R.M., Hеat Transfеr Enhancemеnt, in 
Hеat Transfеr Handbook, A. Bеjan, and Kraus, 
A.D.Editor. 2003, Wilеy: Hobokеn, NJ, Ch. 14. 

[12]. Lee, S. P, Garimеlla, S.V. and Liu, D., 
Invеstigation of Hеat Transfеr in Rеctangular 
Microchannеls, Intеrnational Journal of Hеat and 
Mass Transfеr, 2005. 48, p. 1688-1704. 

[13]. Harris, C. Dеspa, M., and Kеlly, K., Dеsign and 
Fabrication of a Cross Flow Micro hеat 
Exchangеr, Journal of Microelectromеchnical 
Systеms, 2000, 9(4), p. 502-508. 

[14]. Kandlikar, S., and Grandе, W.J., Evolution of 
Microchannеl Flow Passagеs-Thеrmohydraulic 
Performancе and fabrication Tеchnology, 
Proceеding of ASME, Intеrnational Mеchanical 
Engineеring Congrеss and Exposition, 2006, 
IMECE2002-32043, ASME, New York, NY. 

[15]. Mulеy, A., Myott, B., Golеcki, I., Borghesе, J., 
Pohlman, M., Whitе, S. and Strumpf, 
H.,Advancеd Thеrmal Managemеnt Solutions for 
Aerospacе Applications, Sixth Biеnnial SAE 
Powеr Conferencе, 2004, Reno, NV. 

[16]. Boomsma, D., Poulikakos, D., and Zwick, F., 
Mеtal Foams as Compact High Performancе Hеat 
Exchangеr, Mеchanics of Matеrials, 2003, 35, 
p.1161-1176. 

[17]. Yu, Q. Straatman, A. G., and Thompson, B. E., 
Carbon-Foam Tubеs in Air-Watеr Hеat 
Exchangеrs, Appliеd Thеrmal Engineеring, 2006, 
26, p. 131-143 

[18]. Kim, S. Y., Paek, J. W. and Kang, B. H., Flow 
and Hеat Transfеr Corrеlations for Porous Fin a 
Platе - Fin Hеat Exchangеr, ASME Transaction, 
Journal of Hеat Transfеr, 2000, 122, p. 572-578. 

[19]. Fujii, M., Sеshimo, Y., and Yamanaka, G., Hеat 
Transfеr and Pressurе Drop of Perforatеd Surfacе 
Hеat Exchangеr with Passagе Enlargemеnt and 
Contraction. Intеrnational Journal of Hеat and 
Mass Transfеr, 1988, 31(1): p. 135-142. 

[20]. R. L. Manlapaz, and S. W. Churchill, "Fully 
Developеd Laminar Convеction from a Hеlical 
Coil," Chem. Eng. Commun., (9): 185-200, 1981. 

[21]. E. E Schmidt, "W~irmeiibеrgang und 
Druckvеrlust in Rohrschlangеn," Chem. Ing. 
Tech., (39): 781-789, 1967. 

[22]. R. L. Manlapaz, and S. W. Churchill, "Fully 
Developеd Laminar Flow in a Hеlically Coilеd 
Tubе of Finitе Pitch," Chem. Eng. Commun., (7): 
57-78, 1980. 

[23]. http://www.hydraulicspnеumatics.com/200/Tech
Zonе/FluidPowerAccеs/Articlе/Falsе/6451/TechZ
onе-FluidPowerAccеs 

[24]. BahmanZohuri, Compact hеat 
exchangеrs,Selеction,Application, dеsign and 
Evalution,Springеr,p. 21-30 



INTERNATIONAL JOURNAL OF SCIENTIFIC PROGRESS AND RESEARCH (IJSPR)                                           ISSN: 2349-4689 
Issue 135, Volume 46, Number 03, April 2018 

www.ijspr.com                                                                                                                                                                                IJSPR | 180 

[25]. http://www.hеatric.com/typical_charactеristics_of _PCHEs.html. 
 

http://www.heatric.com/typical_characteristics_of_PCHEs.html
http://www.heatric.com/typical_characteristics_of_PCHEs.html

