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Abstract—This research paper presents the effect of the 

corrugation height of the corrugated foils on temperature 

distributions in the counter-flow primary surface recuperator 

(PSR). The flow channel of study is in the form of rectangular 

channel with semicircular ends. The primary surface 

recuperator is designed based on the microturbine recuperator 

requirements and the 30 kW microturbine operating 

parameters. The exact solutions for temperature distribution, 

obtained from the thermodynamic modeling with the help of the 

analytical method and Laplace Transform, for both fluids are 

solved and are verified by computational fluid dynamic 

program package. The results show that the corrugation height 

of the foils has direct effect to the convective heat transfer 

coefficient, the Nusselt number, and also the recuperator 

effectiveness. 

 
Index Terms—Effectiveness, heat exchanger, microturbine 

recuperator.  

 

I. INTRODUCTION 

 A recuperator is a direct transfer type of heat exchanger 

that is extensively used in microturbine systems. The thermal 

efficiency of the microturbine is about 20% or less if no 

recuperator is applied and increases to about 30% for the 

system with recuperator operating at 87% effectiveness. 

Since the recuperator costs about 25-30% of the total power 

plant cost, therefore the recuperator must have high 

performance with minimum cost. The contemporary 

recuperator design for the microturbine system use prime 

surfaces geometry on hot and cold fluid sides with no brazing, 

stacking, and welded at the side edges to form airflow 

passage. This configuration prevents the leaks and mixing of 

the fluids. Since the main attributes of primary surface 

recuperators are the surface geometry is 100% effective and 

sealing can be achieved by welding, this type of recuperator 

is therefore meet all recuperator design requirement for 

microturbine application as stated in [1].  

Although, there are many researches and studies about 

recuperator, most of them are mainly focus on fabrication and 

construction. The theoretical researches about recuperator 

are very little.  R.K.Shah [1] summarized the developments 

of compact heat exchangers for microturbine. The research 

paper reviewed the recuperator requirements for 
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microturbine application. Colin F. McDonald [2] described 

the recuperator considerations for future higher efficiency 

microturbines. The gas turbine recuperator technology is also 

discussed in this research paper. Muley and Sunden [3] 

described a primary surface recuperator with counter flow 

arrangement developed by Honeywell Corporation. The 

plates have corrugation in heat transfer region and are 

stacked and welded at periphery to form alternate gas and 

airflow passage. Liu Zhenyu [4] presented the design and 

analysis of primary surface recuperator for microturbine 

using multi-objective optimization method. Su-Jong Yoon [5] 

developed the general methods for thermal design and cost 

estimation of printed circuit heat exchanger. The numerical 

study on cross-flow printed circuit heat exchanger for 

advanced small modular reactors are also presented. 

The purpose of this research paper is to study of the effect 

of the corrugation height on temperature distribution and heat 

transfer in the primary surface recuperator (PSR) using 

analytical method, thermal design process, and 

computational fluid dynamics. The heat transfer surface of 

study is in the form of rectangular channel with semicircular 

ends and the exhausted gas and the compressed air are in the 

counter flow directions. The primary surface recuperator is 

designed based on the recuperator design requirement and 30 

kW microturbine operating parameter.  

 

II. PRIMARY SURFACE RECUPERATOR GEOMETRY, 

THERMODYNAMIC MODELING AND ANALYTICAL METHODS 

The domain of the study is the matrix contains the heat 

transfer surface. The honeycomb core of primary surface 

recuperator is made up of 304 stainless steel corrugated foils. 

These corrugated foils are heat transfer surface of the 

recuperator that is in direct contact with both the exhausted 

gas (from the turbine exit) and the compressed air (from the 

compressor) in the counter-flow direction.  

The transfer of enthalpy, from the exhausted gas to the 

compressed air, occurs by conduction through the 304 

stainless steel corrugated foils. A schematic of the 

counter-flow primary surface recuperator is shown in Fig.1.  

 

 
Fig. 1. The cross section of the primary surface recuperator core. 
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TABLE I: NOMENCLATURE 

Nomenclature, Greeks, Symbols and Subscript 

a  radius of the semicircular ends [ m ] 

Ao  flow channel surface area [ m2 ] 

At  overall heat transfer surface area [ m2 ] 

cp specific heat capacity [ kJ / kg ×K ] 

D
h
 hydraulic diameter [ m ] 

f  resistance coefficient 

h  height of the corrugated foils [ m ] 

h
j
 convection heat transfer coefficient [W /m2 ×K ]  

k  thermal conductivity [W /m ×K ] 

L  length of the recuperator [ m ] 

 mass flow rate [ kg / s ] 

N  number of flow channel 

NTU  number of transfer unit ( )  

Nu  Nusselt number ( = hD / k ) 

P  Pressure [Pa]  

Pr  Prandtl number 

Re  Reynolds number 

T  temperature [K]  

t  plate thickness [ m ] 

Uo
 overall heat transfer coefficient  [W /m2 ×K ] 

V  fluid velocity [m / s]  

  recuperator effectiveness 

  dimensionless temperature 

  normalized length in x-coordinate 

1,h  exhausted gas (primary fluid) 

2, c compressed air (secondary fluid) 

x  x-direction 

y  y-direction 

 

For a single-pass counter flow and both unmixed fluids, 

the energy balance for the flow channel that can be written 

using the first law of thermodynamics can be shown, with the 

assumption of uniform distribution of the total heat transfer 

surface area along the flow channel, as follows:  

 

      (1) 

 

      (2) 

 

The above equations can be solved with the help of 

dimensionless parameter as  

 
1, 2, 1,( ) / ( )j j in in inT T T T          , /x L    for j = 1,2  (3) 

Therefore the Eq.1 – Eq.3 become 

 1 1 1 2( / ) ( ) 0d d NTU                   (4) 

 2 1 1 1 2( / ) ( ) 0d d NTU R                (5) 

1 1 2 2/ ( ) , / ( ) ,p pNTU UA mC NTU UA mC   

 

Applied the boundary conditions at the inlets (=0 and  

=L), the general form of solutions can be obtained using the 

Laplace transforms method as shown. 
 

( ) (1 exp( (1 ))) / (1 exp( (1 )))1 1 1 1 1 1NTU R R NTU R            (6) 

 

( ) (1 exp( (1 ))) / (1 exp( (1 )))2 1 1 1 1 1 1R NTU R R NTU R          (7) 

 

 The exact solutions for temperature distribution of both 

fluids are obtained as 

 

( )1 1, 2, 1,( )T x T T Tin in in     

  (1 exp( (1 )) / ) / (1 exp( (1 )))1 1 1 1 1( )NTU R L R NTU Rx       (8) 

 

2 ( ) 1, 2, 1,( )T x T T Tin in in     

 (1 exp( (1 )) / ) / (1 exp( (1 )))1 1 1 1 1 1( )R NTU R L R NTU Rx         (9) 

 

III. THERMAL DESIGN, THERMAL DESIGN PROCESS, AND 

ANALYTICAL SOLUTION 

 In order to determine the size of the recuperator, the 

dimensions of the recuperator (LX, LY, and LZ) are assumed. 

The flow channels are considered as the rectangular channel 

with semicircular ends. The channel has the dimension as 

shown in the Fig.1. The exhausted gas flow channel is 

between two consecutive compressed air flow channels. 

From the assumed geometry information, the number of 

compressed air flow channel in the x-direction and 

y-direction are determined as  

 

 Nc,x = Lx / (2a+ t)       (10) 

 

 Nc,y = Ly / (2h+2t)        (11) 

 

 The number of exhausted gas flow channel in x-direction 

and y-direction are  

, , 1h x c xN N                (12) 

, , 1h y c yN N              (13) 

The heat transfer surface area (Ao), the frontal area (A), 

the perimeter (P), and the hydraulic diameter (Dh) of the flow 

channel are also developed as 

2 (2 ( 2))o zA L h a         (14) 

24 ( )A a h a a         (15) 

4 2 ( 2)P h a          (16) 

22(4 ( 4)) / (2 )hD ah a h a       (17) 

The mass flow rate of the fluids is given based on the 30 

kW-microturbine operating conditions. The velocity of the 

exhausted gas (primary fluid) and the compressed air 

(secondary fluid) are calculated as follows 

 ,for j = 1,2     (18) 
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 The Reynolds number and Prandtl number of both fluids 

are also calculated as  

 

Re /j j j h jV D   ,for j = 1,2      (19) 

,Pr /j p j j jc k            (20) 

The heat transfer coefficient is calculated by empirical 

heat transfer correlation. The heat transfer correlation applied 

in this paper is based on [4,7] and is shown as follows 

 
0.191.18 0.40.0031Re Pr /Nu h a , 

Re 1000   and 1 / 9h a        (21) 

 The heat transfer coefficient for the exhausted gas and the 

compressed air are calculated as 

/j j j hh Nu k D   ,for j = 1,2     (22) 

 The overall heat transfer coefficient of counter-flow 

primary surface recuperator is determined as 

1 21/ ((1/ ) ( / ) (1/ ))oU h t k h        (23) 

 
Fig. 2. PSR thermal design process. 

 

IV. RESULTS AND CONCLUSIONS 

 To meet heat requirements of the 30 kW microturbine 

conditions, the size of PSR is calculated through thermal 

design process [4] and built-in function of the MATLAB 

program, as shown in Fig. 2. The analytical solutions for 

temperature distributions along the PSR length, as shown in 

Eq.8 and Eq.9, are verified against the solution from 

computational fluid dynamic program package which is 

shown in Fig. 3. The influences of the h/a ratio on PSR 

effectiveness and the outlet temperature of PSR are presented 

in Fig. 4. The effects of the height of the corrugated foils on 

convection heat transfer coefficient, Nusselt number, and 

PSR effectiveness are shown in Fig. 5. and Fig. 6. According 

to the figures, the increase in the height of the corrugated foil 

when the radius of the semicircular ends are treated as 

constant leads to the higher in the convection heat transfer 

coefficient, Nusselt number and PSR effectiveness. 

Furthermore, based on the numerical investigation, the 

increase in the radius of the semicircular ends when the 

height of the corrugated foil is treated as constant leads to the 

lower in the convection heat transfer coefficient, Nusselt 

number and PSR effectiveness. It can be concluded that the 

corrugation height of the foils has direct effect to the heat 

transfer and temperature distribution in primary surface 

recuperator designed for 30 kW microturbine. This 

investigated data are valuable to the design of primary 

surface recuperator for microturbine application.  
 

         

 
Fig. 3 The analytical solutions for temperature distributions along the PSR 

length (Eq.8-Eq.9) are verified against the solution from computational fluid 

dynamic program package. 

 

 
Fig. 4 The influences of the ratio h/a on PSR effectiveness. 

 

 
Fig. 5 The influences of the ratio h/a temperature at the PSR exit. 

 
  Microturbine Operating Parameter (30 kW) 

 Mass flow rate = 0.21 kg/s 

 Temperature condition at the PSR inlet 

o Exhausted gas side = 528C 

o Compressed air side = 191C 

 Pressure condition at the PSR inlet 

o Exhausted gas side = 1 bar 

o Compressed air side = 2.5 bars 

  Recuperator  

 PSR Dimension = 0.40.4  0.14 m 

 
Hot gas 

Compress air 

CFD, hot gas 

CFD, Compress air 
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Fig. 6. The influences of the height of the corrugated foils on convection heat 

transfer coefficient 

 

Fig. 7 The influences of the height of the corrugated foils on Nusselt number 

on exhausted gas side and compressed air side 

 

Fig. 8 The influences of the height of corrugated foils on the PSR 

effectiveness. 
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